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16625 CURVED BEAM ELEMENT FOR ARCH BUCKLING ANALYSIS 


KEY WORDS: Analysis; Arches; Bifurcations; Bridges (arch); Buckling; 
Curved beams; Finite elements; Models 


ABSTRACT: finite element model presented for beam initially curved one 
plane but deformable the three dimensional space. Geometric nonlinearities are 
included the analysis and eigenproblems are formulated calculate the bifurcation 
buckling loads arches. Numerical results obtained for some problems indicated that 
had only negligible effect the buckling load and that the rotation terms [n1] 
should deleted. Results thus obtained with the modified [n1] matrix and with only 
few elements represent the arch structure indicated very good agreement with 
known analytical solutions and available experimental data. 


REFERENCE: Wen, Robert (Prof. Civ. Engrg., Michigan State Univ., East 
Lansing, Mich.), and Lange, Jose, “Curved Beam Element for Arch Buckling 
Analysis,” Journal the Structural Division, ASCE, Vol. 107, No. ST11, Proc. Paper 
16625, November, 1981, pp. 2053-2069 


16644 BOLTED CONNECTIONS WITH WEATHERING STEEL 


KEY WORDS: Bolted joints; Bridges; Connections (joints); Creep; 
Exposure; Friction; Specifications; Steel; Weathering 


ABSTRACT: One hundred twenty-six slip tests were conducted friction-type bolted 
connections fabricated from A588 weathering steel. The tests were conducted mainly 
specimens with mill scale blasted surfaces which were exposed the atmosphere 
for periods one year. The test results indicate that A588 mill scale surface has 
percent lower slip resistance than those reported for other steels. Suggested 
revisions the AASHTO Bridge Specifications based this behavior are presented. 


REFERENCE: Yura, Joseph (Prof., Dept. Civ. Engrg., The Univ. Texas, 
Austin, Tex.), Frank, Karl H., and Cayes, Lloyd, “Bolted Friction Connections with 
Weathering Steel,” Journal the Structural Division, ASCE, Vol. 107, No. ST11, 
Proc. Paper 16644, November, 1981, pp. 2071-2087 


16645 PREDICTING WIND DAMAGE BUILDINGS 

KEY WORDS: Buildings; Damage patterns; Damage prevention; Design; 
Inspection; Planning; Safety; Storms; Structural engineering; Wind forces 

ABSTRACT: Experience gained from post-storm investigations damaged buildings 
has made possible predict types damage expected existing buildings. Two 
procedures that involve different levels engineering effort are outlined the paper 
predict wind damage buildings. The level procedure subjective one utilizing 
questionnaire. Answers the questionnaire for particular building are used 
ascertain the type and extent potential damage the building. The level 
procedure analytical one. Structural analysis performed using knowledge 
wind-structure interaction, material properties, and building’s structural system 
establish threshold failure wind speeds. Damage sequence and possible failure modes 
can ascertained from the analysis. The two procedures have been used predict 
damage various types ordinary buildings. The predictions are used for 
indentification areas safety for occupant protection for construction retrofitting 
components improve building’s wind resistance capabilities. 


REFERENCE: Mehta, Kishor (Prof., Dept. Civ. Engrg., Texas Tech Univ., P.O. 
Box 4089, Lubbock, Tex. 79409), McDonald, James R., and Smith, Douglas A., 
“Procedure for Predicting Wind Damage Buildings,” Journal the Structural 
ASCE, Vol. 107, No. ST11, Proc. Paper 16645, November, 1981, pp. 2089- 


16642 UNIFORM LOADING FOR STEEL-DECK-REINFORCED SLABS 


KEY WORDS: Concrete (reinforced); Deflection; Floors; Load distribution; 
Loads (forces); Shear strength; Slabs; Structural engineering; Ultimate 
strength 


ABSTRACT: Previous research State University has resulted shear-bond 
design equation which was based data obtained from tests utilizing concentrated 
line loads one-way elements. However, since most floor slabs are usually designed 
for uniformly distributed loads shear-bond formulation for such loading required. 
modification the shear-bound concentrated loading design equation examined for 
use with uniformly loaded systems. The results laboratory service and ultimate load 
tests which substantiated the equation conversion are presented. The full-scale slab 
element tests consist three uniformly loaded specimens which are compared with 
three companion specimens subjected concentrated line loads. description the 
loading system and test procedures utilized for each type loading given. 
addition the shear-bond strength comparison for the tests, significant behavioral 
characteristics involving failure, end slip, load-deflection, cracking are presented. 


REFERENCE: Klaiber, Wayne (Prof. Civ. Engrg., lowa State Univ., Ames, 
and Porter, Max L., “Uniform Loading for Steel-Deck-Reinforced Slabs,” 
Journal the Structural Division, ASCE, Vol. 107, No. ST11, Proc. Paper 16642, 
November, 1981, pp. 2097-2110 


1663 INTERACTION COMPOSITE 


KEY WORDS: Bridge decks; Bridges; Bridges (girder); Composite beams; 
Composite structures; Concrete (reinforced); Movement; Temperature 
distribution; Thermal expansion; Thermal stresses 


ABSTRACT: experimental investigation conducted substantiate prior study 
environmental stresses induced composite-girderbridge structures. The objectives 
the study were subject two-span test structure, with tie-rods simulate 
approach-slab forces, thermal loading, and correlate the resulatant strains and 
deflections with those obtained form the theoretical study. The experimental results 
and theoretical values are reasonable agreement. concluded that the theoretical 
procedure provides rational method for predicting the thermal behavior composite- 
girder bridge structures and can applied with reasonable confidence when used with 
characteristics. 


REFERENCE: Emanuel, Jack (Prof. Civ. Engrg., Univ. Missouri-Rolla, Rolla, 
Mo. 65401), and Lewis, David B., “Abutment-Thermal Interaction Composite 
Bridge,” Journal the Structural Division, ASCE, Vol. 107, No. Proc. Paper 
16631, November, 1981, pp. 2111-2126 


16627 FLOATING BRIDGE DRAWSPAN MAINTENANCE 


KEY WORDS: Bascule bridges; Bridge maintenance; Bridges; Damage 
assessment; Fatigue limit; Life expectancy; Methodology; Strain 
measurement; Stress strain relations; Wind forces 


ABSTRACT: methodology for making maintenance decisions avoid fatigue failure 
proposed. The maintenance procedures developed for the drawspan mechanism 
the Evergreen Point Bridge are used illustration the methodology. The 
methodology includes, development the stress/environment relationship for the 
critical member, collection long-term environmental data and the computation 
long-term stress distribution, determination cycles each stress level from the 
return period, and duration various environmental conditions and the member 
frequency the associated stress level, determination the fatigue characteristics 
the member from limited number full-scale tests using the Prot procedure, 
and determination yearly damage and, life expectancy using Miner’s hypothesis. 


REFERENCE: Brown, Colin (Prof. Civ. Engrg., Univ. Washington, Seattle, 

Wash., 98195), Christensen, Derald R., Heavner, John W., Landy, Michael A., and 

Vasu, Ramiah, “Floating Bridge Drawspan Maintenance,” Journal the Structural 

ASCE, Vol. 107, No. ST11, Proc. Paper 16627, November, 1981, pp. 2127- 


16656 FIELD MEASUREMENTS MUSKWA RIVER BRIDGE 


KEY WORDS: Bridges (box girder); Cold weather construction; Composite 
structures; Computation; Concrete (reinforced); Field tests; Strain gages; 
Strains; Stresses; Temperature effects 


ABSTRACT: The behaviour continuous, steel-concrete composite box girder 
bridge was monitored during construction the concrete deck and during the first 
three years operation. was observed that cracking developed the deck which 
was attributed the temperature developed the deck shortly after casting, the 
sequence casting, the shrinkage the deck concrete, and the rapid heating the 
steel boxes exposed direct sunlight. was also found that the strain distributions 
across the depth and the width the steel boxes are more less linear. This beam 
theory can applied with confidence for the design this type structure. 


REFERENCE: Dilger, Walter (Prof. Civ. Engrg., Univ. Calgary, Calgary, 
Alberta, Canada), Beauchamp, C., Cheung, S., and Ghali, Amin, “Field 
Measurements Muskwa River Bridge,” Journal the Structural Division, ASCE, 
Vol. 107, No. ST11, Proc. Paper 16656, November, 1981, pp. 2147-2161 


16676 PREDICTION TEMPERATURES CONCRETE BRIDGES 


KEY WORDS: Box girders; Bridges; Bridges (box girder); Concrete; 
Monitoring; Statistical analysis; Stress analysis; Temperature; Temperature 
effects; Thermal analysis; Thermocouples 


ABSTRACT: section poststressed twin box concrete bridge instrumented for 
continuous recording temperatures within the concrete and environmental 
parameters outside. The recorded data are processed with the aim presenting 
the form suitable for analysis similar bridges for thermal effects. found that the 
necessary data can represented through only two design variables, namely maximum 
differential temperature DTMAX and base temperature BT. Analytical expressions are 
derived which give vertical temperature profiles function DTMAX and 
environmental parameter insolation. The value the average temperature similarly 
obtained from empirical expressions which are functions the two design variables 
and environmental parameter ambient air temperature. The derived expressions 
correlate satisfactorily with the measured data, however further research required 
the effect stresses and curvatures. flow chart given showing main steps 
esign. 


REFERENCE: Churchward, Allan (Engr., Main Roads Dept., Brisbane, Queensland, 
Australia), and Sokal, Yehuda J., “Prediction Temperatures Concrete Bridges,” 
Journal the Structural Division, ASCE, Vol. 107, No. ST11, Proc. Paper 16676, 
November, 1981, pp. 2163-2176 


16643 DISCRETE STRUCTURAL OPTIMIZATION 


KEY WORDS: Concrete (reinforced); Discrete distribution functions; 
Frames; Gradients; Optimization; Structural design; Structural engineering 


ABSTRACT: new method for solving discrete structural optimization problems 
presented. interior penalty function used convert the original constrained 
problem into unconstrained parametric problem. Then the search for the optimal 
solution the parametric problem based discrete direction gradient. Solving 
appropriate sequence these unconstrained parametric problems equivalent 
solving the original constrained optimization problem. This method illustrated first 
small reinforced concrete problem, and then the design steel building frames 
which are made standard sections. Results for one-story four-bay 
unsymmetrical frame and eight-story three-bay symmetrical frame are described. 


REFERENCE: Liebman, Judith (Assoc. Prof. Operations Research, Dept. 
Mechanical and Industrial Engrg., Univ. Illinois Urbana-Champaign, Urbana, 
61801), Khachaturian, Narbey, and Chanaratna, Visarn, “Discrete Structural 
Optimization,” Journal the Structural Division, ASCE, Vol. 107, No. ST11, 
Paper 16643, November, 1981, pp. 2177-2197 
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16673 RESPONSE MEASUREMENTS FOR GLASS CLADDING PANELS 


KEY WORDS: Buildings; Cladding; Dynamics; Finite elements; Glass; 
Models; Plates; Stiffness; Structural engineering; Vibration; Windows 


ABSTRACT: Response measurements the laboratory full scale glass cladding 
panels are presented and compared with the predictions finite element models. The 
detailed static and dynamic behavior glass panel (window) mounted within 
flexible frame and attached building frame means flexible connections was 
the focus the studies. Both singles well double pane glass panels are handled. 
The present results are limited dynamic response analyses and measurments only. 
The dynamic response measurements reveal the presence, predicted, doubie plate 
modes which the plates move out phase with respect each other. One these, 
involving net interpane volume change, found occur low enough 
frequency pose potential problems large windows where significant pressure 
nonuniformity might provide excitation. For the range parameters studied, the 
results are good agreement with the predictions the models and thus confirm 
their validity and appropriateness. 


REFERENCE: Craig, James (Assoc. Prof., School Aerospace Engrg., Georgia 
Inst. Tech., Atlanta, Ga. 30332), and Goodno, Barry J., “Response Measurements 
For Glass Cladding Panels,” Journal the Structural Division, ASCE, Vol. 107, No. 
ST11, Proc. Paper 16673, November, 1981, pp. 2199-2214 


16665 CURVED PRESTRESSED CONCRETE BEAMS 


KEY WORDS: Beams; Comparative studies; Concrete (prestressed); 
Continuous beams; Curved beams; Linear transformations; Stress; Theorems 


ABSTRACT: The theorem Guyon modified for continuous curved beam and 
those forces that invalidate the theorem are determined terms equivalent loads. 
For these loads, influence coefficients for stress resultants and rotations the ends 
each single span are obtained. These coefficients are used determine the effect 
linear transformation the two most common schemes used continous beams, and 
the results obtained are compared with those for straight beams. 


REFERENCE: Pace, Carlo (Asst. Prof., Instituto Tecnica delle Costruzioni, 
Ancona, Italy), and Dezi, Luigino, “Extensions Curved Prestressed Concrete 
Beams,” Journal the Structural Division, ASCE, Vol. 107, No. ST11, Proc. Paper 
16665, November, 1981, pp. 2215-2225 


16668 SHEAR STRENGTH R/C BEAM-COLUMN CONNECTIONS 


KEY WORDS: Axial compression; Beam columns; Building design; 
Buildings (codes); Concrete (reinforced); Connections; Inelastic action; 
Joints; Load shifting; Reinforcement (structures); Shear strength 


ABSTRACT: Strength and load reversal tests were conducted reinforced concrete 
beam-column connections. Fourteen tests investigated the influence the column axial 
compressive stress, the amount hoop reinforcement the connection, the size and 
location transverse beams, and the geometry the connection region. The test 
results indicate that the current state-of-the-art design procedure underestimates the 
capabilities concrete the beam-column connection and overestimates the 
contribution hoop reinforcement the connection. appears that satisfactory load 
reversal behavior can achieved the shear stress the connection about half 
the monotonic shear strength. 


REFERENCE: Meinheit, Donald (Sr. Structural Engr., Wiss, Janney, Elstner, and 
Assoc., Inc. Northbrook, and Jirsa, James O., “Shear Strength R/C Beam- 
Column Connections,” Journal the Structural Division, ASCE, Vol. 107, No. ST11, 
Proc. Paper 16668, November, 1981, pp. 2227-2244 


16664 FUNDAMENTAL ANALYSIS AGGREGATE INTERLOCK 


KEY WORDS: Analysis; Concrete; Concrete aggregates; Cracks; Particle 
distribution; Shear distribution; Shear forces 


ABSTRACT: model for aggregate interlock has been developed based the 
behavior micro scale. The relation between displacements and stresses across the 
crack faces are defined function deformation and sliding particle level. 
This relation derived for one particle projecting from one the crack faces with 
arbitrary diameter and arbitrary embedment depth. The most probable distribution 
aggregate particles, crossed the plane cracking and their positions with regard 
this plane are assessed statistical analysis. The general relations between 
stresses and displacements for unit crack area are obtained integrating all particle 
contributions. The model proves give adequate results, compared with experiments, 
carried out several types (cracked) concrete. Using this model, further analysis 
the mechanism aggregate interlock has been carried out, explaining tendencies 
observed tests other investigators. 


REFERENCE: Walraven, Joost (Sr. Research Engr., Univ. Technology, Delft, 
The Netherlands), “Fundamental Analysis Aggregate Interlock,” Journal the 
Structural Division, ASCE, Vol. 107, No. ST11, Proc. Paper 16664, November, 1981, 
pp. 2245-2270 


16675 PACKAGE FOR OPTIMIZATION-BASED INTERACTIVE CAD 


KEY WORDS: Computer applications; Computerized design; Computers; 
Constraints; Design; Dynamics; Optimum design; Problem solving; Time 
dependence 


ABSTRACT: interactive program, based method feasible directions, for 
solving constrained minimization problem with time-dependent constraints 
described. The interaction, involving both alphanumeric and color-graphic display, 
permits the designer number options, including, changing parameters the 
problem design algorithm, Single steping through any loop the algorithm, and 
displaying relevant data, writing small “macro” programs perform unforeseen test 
computation, and performing side calculations. example demonstrate the 
advantages user interaction reducing computational effort included. 


REFERENCE: Bhatti, (Asst. Prof., Division Materials Engrg., Univ., 
City, lowa 52240), Pister, S., and Polak, E., “Package for Optimization- 
Based Interactive CAD,” Journal the Structural Division, ASCE, Vol. 107, No. 
ST11, Proc. Paper 16675, November, 1981, pp. 2271-2284 


U.S. Conversion Factors 


accordance with the October, 1970 action the ASCE Board Direction, which stated 
that all publications the Society should list all measurements both U.S. Customary and 
(International System) units, the following list contains conversion factors enable readers 
compute the unit values measurements. complete guide the system and its 
use has been published the American Society for Testing and Materials. Copies this 
publication (ASTM E-380) can purchased from ASCE price $3.00 each; orders must 
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All authors Journal papers are being asked prepare their papers this dual-unit format. 
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yards (yd) 

miles (miles) 

square inches (sq in.) 
square feet (sq ft) 
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square miles (sq miles) 
acres (acre) 

cubic inches (cu in.) 

cubic feet (cu ft) 

cubic yards (cu yd) 
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pounds per square foot (psf) 
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millimeters (mm) 
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meters (m) 
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cubic millimeters 
cubic meters 

cubic meters 
kilograms (kg) 
kilograms (kg) 

newtons (N) 

newtons (N) 

pascals (Pa) 

kilopascals (kPa) 

liters (L) 

cubic meters 
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BEAM ELEMENT FOR ARCH 
BUCKLING ANALYSIS 


Robert ASCE and Jose Lange” 


this paper finite element model presented for beam initially curved 
one plane but deformable three-dimensional space. Geometric nonlinearities 
have been included the analysis and eigenproblems formulated calculate 
the bifurcation buckling loads arches. Although considerable amount 
work has been done arch buckling, most past works have dealt with the 
stability the plane the curved structure. Previous studies that dealt with 
out-of-plane buckling have been limited circular parabolic arches. The 
curved beam element presented herein can used calculate the in-plane 
out-of-plane buckling loads arches different shapes, well other 
structures involving curved beam components. 

The curved axis the element considered represented fourth order 
polynomial that can enforce continuity the slopes and curvatures contiguous 
elements. The displacement functions are approximated cubic polynomials. 
Geometric nonlinearities are considered including the effect rotations 
the longitudinal strains. The element assumed have constant cross-section 
with two axes symmetry. Effects possible warping restraint are neglected. 

expression was derived for the strain energy based the nonlinear 
longitudinal strains and linear relationship between twist and torsional moment. 
The linear stiffness matrix and the first and second order incremental stiffness 
matrices, and were derived differentiating the strain energy. These 
matrices can used for linear equilibrium and nonlinear equalibrium analysis 
(on the Lagrangian basis, the rotations are not large). They can also used 
for incremental equilibrium analysis. Herein, following presentation Mallet 
and Marcal (13), they were used formulate eigenproblems for buckling loads 
setting the structural incremental stiffness zero and assuming that the 
displacement increases linearly with the applied loads. 


Civ. Engrg., Michigan State Univ., East Lansing, Mich. 

Grad. Student, Dept. Civ. Engrg., Michigan State Univ., East Lansing, 
Mich. 

Note.—Discussion open until April 1982. extend the closing date one month, 
written request must filed with the Manager Technical and Professional Publications, 
ASCE. Manuscript was submitted for review for possible publication July 21, 1981. 
This paper part the Journal the Structural Division, Proceedings the American 
Society Civil Engineers, Vol. 107, No. November, 1981. ISSN 
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For certain numerical problems solved this study, the influence the 
second order incremental stiffness matrix, the buckling load seemed 
negligible. For some other problems, appeared that the terms that correspond 
rotations the first order incremental stiffness matrix, should 
deleted. The performance the method thus resembled that the classical 
linear theory stability. Numerical results obtained using the modified incre- 
mental stiffness matrix for certain test problems indicated very good agreement 
with known solutions. Small differences may mainly attributed the 
assumption concerning the extensibility the axis the arch, and the support 
conditions. 

For linear equilibrium problems, Ashwell and Sabir (1) have discussed the 
use and limitations several types shape functions for finite elements for 
circular arches deformed plane. Dawe (7) has studied the use higher 
order polynomials for shape functions. Gellert and Laursen (10) have presented 
mixed formulation finite elements for arches arbitrary shape. Mebane 
and Stricklin (16) have pointed out that rigid body motion could considered 
implicitly included the polynomial form shape functions the number 
elements used represent the structure increases. 

The area classical buckling analysis curved structures has been investigated 
many researchers. Austin (2) has summarized the state the knowledge 
the in-plane bending and buckling arches. His presentation was concerned 
with the available experimental and analytical data and their relations design 
applications. Austin and Ross (3) have compared the solutions the in-plane 
buckling symmetrically loaded arches between the classical buckling theory 
and the exact, nonlinear buckling load analysis. They found that, except for 
buckling the symmetric mode (snap-through), the buckling load obtained with 
the classical theory very close the bifurcation load obtained with the exact 
theory. 

Ojalvo and Newman (17) have reported basic theoretical work the linear 
elastic stability curved beam space. Ojalvo, Demuts, and Tokarz (18) 
followed the preceding work study the out-of-plane buckling member 
curved one plane. The theory was also applied Shukla and Ojalvo 
(20) calculate the buckling loads which may tilted, would the case 
for arch bridge with horizontally rigid deck. particular case the 
equations presented (17), Tokarz and Sandhu (22) developed the linear 
differential equations and obtained solutions for the lateral-torsional buckling 
parabolic arch subjected uniformly distributed load. 

Nonlinear finite element analyses arches including bifurcation loads and 
limit loads have been reported Walker (23), Dawe (6), Sabir and Lock (19), 
and Mak and Kao (14). Ebner and Ucciferro (8) have reported comparison 
several versions incremental stiffness matrices for beam elements. These 
works, however, are all limited behavior plane. 


Anatysis 


Potential Energy and Strain Energy: Consider structure-load system with 
finite number degrees freedom, subjected conservative loading. The 
potential energy, may written 
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which strain energy; [Q] row vector the degrees freedom 
the structure; and {P} the load vector corresponding The strain 
energy, the sum the strain energy the constituent elements the 
structure. The strain energy curved beam element derived subsequently. 

Displacement-Strain Relation.—Consider beam element curved one plane, 
shown Fig. The certroidal axis curves the x-z plane with radius 
curvature (which may vary). The and axes form right-handed 
coordinate system with corresponding displacements and Assuming 
that plane sections remain plane after bending deformation and neglecting effects 
possible warping restraint, the expression for the longitudinal strain 


point section measured along the curved centroidal axis, may 
written 


= €.)o +H K,— EK, 


which the longitudinal strain; and and the changes curvature 
the centroidal axis. 


Beam Element 


For the general case beam curved space, these changes curvature 
have been derived Ojalvo and Newman (17) follows: 


which and the current and initial curvatures about the x-axis, 
respectively; similarly for k,, and k,, k,; and B,, the rotations 
about the axes, respectively. For the element considered herein, 
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which the twist the cross-section about the z-axis. Substituting Eqs. 
4a-4c into 3a-3c 


may noted that for the case circular member and inextensional 
deformation, the above expressions reduce those Eqs. 7-32 Ref. 21. 
The longitudinal strain the centroidal axis may written 


which the quantity the first parenthesis the usual linear hoop strain 
curved element, and the next two terms (which are nonlinear), represent 
the contributions the strain the rotations the centroidal axis about 
the and x-axis, respectively. Substituting Eqs. and into Eq. the 
expression for the longitudinal strain obtained: 


Element Strain Energy.—The expression for the strain energy the element 
may written 


which the strain energy due the longitudinal strain; and that 
due St. Venant torsion. They are given the expressions 
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which the longitudinal strain, expressed Eq. the cross-sectional 
area; and Young’s modulus and shear modulus; and the torsion 
constant the cross-section. the preceding equation, the notation using 
subscript represent differentiation has been used, e.g., dB/ds. 
Finite Element Formulation.—Element Geometry: Referring the curved 
element shown Fig. the coordinates the nodes and with respect 
the global coordinate system are, and (X,, Y,) respectively. Their 
origin the element local coordinate system located node with the 
x-axis the radial direction, the y-axis normal the plane curvature, and 
the z-axis tangent the curved centroidal axis forming angle with the 


global X-axis. The coordinates (x,,z,) node the element coordinate 
system are given 


The angle Fig. varies from zero node node varies 


FIG. 2.—Typical Element 


along the longitudinal axis; and the radii curvature nodes and 
are and R2, respectively. 


any point along the curve the following relations hold: 


The curve approximated fourth-order polynomial: 

The boundary conditions used solve for the coefficients are the following: 
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Zp 


The radius curvature obtained differentiating Eq. 12: 
From the first condition, Conditions and yield three linear 
equations for b,, and b,: 


Once the coefficients b,, and are obtained from the solution 
the geometry the finite element completely defined Eq. 12. 

Displacement Functions.—Dawe (7) has shown that, for the case linear 
inplane deformations and particularly for deep thin arches, quintic polynomials 
for both the axial and radial displacements would yield much better results 
than cubic polynomials. Using quintic polynomials nonlinear analysis, 
however, would much more unwieldy than linear one. Thus, the four 
displacement functions that appear the strain energy expression are approxi- 


which the are coefficients. 

Element Strain Energy.—By use Eqs. and the strain energy 
the element may written 


which U,, U,, and contain respectively the quadratic, cubic, and quartic 
terms the displacement field variables: 


CURVED BEAM ANALYSIS 2059 
A 6 v P 


Upon substituting the displacement functions given Eqs. into 
18, 19, and 20, U,, U,, and become functions the coefficients 
the displacement functions. These coefficients may replaced the displace- 
ment variables the end nodes the element: the radial displacements; 
the transverse displacements; w,, the longitudinal displacements; 
the rotations about y-axis; (—dv/ds), the rotations about 
x-axis; and the degrees freedom (dw/ds),, 
These degrees freedom will denoted collectively 
vector Thus, use the preceding definitions and 16, 18, 


19, and 20, U,, U,, and can expressed terms the element nodal 
degrees freedom 


which f,, and are, respectively, quadratic, cubic, and quartic functions 
the q’s. 


The linear element stiffness matrix [k] may obtained 


a? 1 af 


The stiffness and may calculated from 


2060 NOVEMBER 1981 


The expressions for the integrands terms the Eqs. 22, 23, and 
are too lengthy presented here. They are explicitly given subroutine 
computer program contained (11). The integrals themselves, general, 
need evaluated numerically. 

System Equilibrium Equations.—The structural linear stiffness [K] and incre- 
mental stiffness matrices and [N2] can assembled from the corresponding 
element matrices the usual fashion finite element analysis. The potential 
energy may written (13) 


The first variation the potential energy produces the equilibrium equation 


The equations governing the linear incremental behavior follow from the second 
variation the potential energy and are given 


which the reference equilibrium position. 
Formulation Eigenvalue Problems.—A basis for obtaining critical load 
structural system the vanishing {AP} Eq. 27. This leads 


Eq. may written for each point the fundamental path. That path, 
course, can determined only solution the nonlinear equilibrium 
equation, i.e., Eq. 26. For given load vector {P} and displacement vector 
the fundamental path, nontrivial solution {AQ} obtained 
from Eq. 28, the load {P} would buckling load (the bifurcation 
snap-through load). 

order avoid dealing with the nonlinear equations, however, approximate 
solution the buckling load may obtained from Eq. assuming that 
the displacement the structure increases linearly with the applied load until 
buckling occurs (13). Thus, assuming that the load vector {P} representable 
vector, Eq. (28) may written 


which the value which buckling occurs. Note that Eq. 
the incremental stiffness matrices are evaluated {Q,} [K] 
This equation represents quadratic eigenvalue problem for estimating the 
buckling loads and their associated buckling modes. 

can assumed that buckling the displacements are sufficiently small, 


then the matrix [N2] may neglected. Thus, Eq. reduces linear eigenvalue 
problem, i.e., 


CURVED BEAM ANALYSIS 


Based the analysis previously presented, computer program has been 
prepared for the calculation the buckling loads arches use 
and 30. 


For the numerical results presented herein, the stiffness and incremental 
stiffness matrices have been evaluated three-point Gauss quadrature. Only 
the smallest buckling load was calculated. For simplicity, units the data 
have been given. The dimensions the various quantities are self-consistent; 
i.e., the basic units length and force are taken inches and pounds, 
then the values area, moment inertia, and distributed load given would 
have units in.*, and Ib/in., respectively. each case, the reference 
load was set equal unity. Distributed loads the arches were converted 
equivalent (9), for application the finite element model. 


TABLE 1.—Linear Versus Quadratic Eigenproblem Solutions 


Buckling Load 


Quad- 
(3) (4) (5) (6) (7) 


Circular Radial 0.1875 |0.9765 51.64] 
in-plane 

Circular Radial 1.00 
out-of-plane 

Parabolic Vertical 189.61 189.67 0.99 
out-of-plane 


Linear Versus Quadratic Eigenproblem Solutions.—To consider the importance 
matrix [N2] the calculation the buckling loads, three types problems 
were solved: (1) The in-plane buckling circular arch with opening angle 
90° under uniformly distributed radial load; (2) the out-of-plane buckling 
the same type arch under the same loading; and (3) the out-of-plane 
buckling parabolic arch subjected uniformly distributed vertical load. 
All three arches were hinged the ends. the supports, the 
degrees freedom, dw/ds and were not restrained. For the out-of-plane 
cases, the rotation degrees freedom about the x-axis and z-axis the supports 
were restrained. 

Table shows the values and the ratios the buckling load computed 
from the linear eigenproblem that from the quadratic eigenproblem. The 
linear problems were solved the method inverse vector iteration (4) with 
tolerance 0.0001, and the quadratic problems the method determinant 
search (4). The number elements was kept constant 12. seen that 


Type Type 
(1) (2) (8) 
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each case the ratio very close unity. This would seem indicate that 
for these types problems considered the inclusion matrix [N2] the 
eigenvalue problem would not give significantly different results from the case 
which neglected. Since much computer time can saved ignoring 
[N2], this has been done obtaining the following results. 

Effects Rotations.—It may seen from the expression for U,, Eq. 


Problem Structure-Load Systems Considered 


Circular arch subjected uniform 
pressure 


Circular arch subjected.to concentrated 
load 


10; 180° 
0.0775 


Circular arch subjected to uniform load 
on horizontal projection 


2.7 


2.03125 


Parabolic arch subjected to uniform load 
on horizontal projection 
4.176x10°; 


1.606x10° 


int Iyy = 32.5 


FIG. 3.—Convergence Studies 


and Eq. that the first order incremental stiffness, contains terms involving 
three types deformations: (1) (dw/ds axial strain); (2) (du/ds w/R, 
rotation about y-axis); and (3) (dv/ds, rotation about x-axis). the classical 
linear stability formulation, the effects prebuckling rotations are neglected. 
Correspondingly, for the present finite element formulation, the matrix obtained 
from with the rotation terms neglected will denoted 
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Solutions using both and had been obtained. general, was 
found that the differences between the buckling loads obtained using matrices 
and increased with the amount bending (or prebuckling rotational 
deformation) the structure. Thus, typically, for problems involving uniform 
distributed loading that entails little bending, results obtained using 
and showed only small differences, say, the order one two 
percent. However, for the case concentrated load the crown 
semicircular arch the buckling load corresponding [nl] would small 
only one third that using 

Since has included the effects rotations, may seem that the eigenvalue 
corresponding would more accurate representation the buckling 
load than that corresponding But for the concentrated load problem, 
the buckling load obtained use agrees very closely with experimental 
data (12) and the bifurcation load computed from nonlinear equilibrium analysis 
(5). seems that for the problems considered, the assumption that led the 
eigenproblem Eq. has exaggerated the weakening effects the rotations 


TABLE 2.—Convergence Studies: Buckling Load 


Problem 
Number Elements 


(1) 


Reference value 
From reference 
Ratio 


the structural stiffness. More discussions these points will presented 
after the numerical results. The results presented the following have been 
obtained using 

Convergence Solutions.—To consider the convergence the finite element 
model, four problems were studied. They are defined Fig. The buckling 
mode observed in-plane and antisymmetrical for Problems and For 
Problem out-of-plane and symmetrical. Table lists the buckling loads. 
seen that the buckling loads rather Results obtained 
using only two elements represent the structure differ approximately 25% 
from the value. 

For purposes comparison, certain reference values the buckling loads 
are also listed Table While the differences between the finite element 
answers and the reference values are not large, some explanation may given. 
The buckling loads reported the references noted Table have all been 
based the assumption that the axis the arch inextensible. This assumption 


64.24 5.08 5.19 9.40 

52.34 4.52 5.47 7.51 

51.81 4.40 4.38 7.39 

51.71 4.37 4.06 7.37 

51.68 4.37 3.94 7.36 

51.67 4.37 3.93 7.36 

51.67 4.37 3.94 7.36 

48.83 4.17 4.11 7.89 

1.06 1.05 0.96 0.93 
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has not been used the present finite element method. Thus, while pre-buckling 
axial deformations exist the reference cases, the present method has accounted 
for such deformations. also follows that, for the reference cases, the buckling 
loads are independent the cross-sectional area. The effect cross-sectional 
area considered the next section. 

Effect Cross-Sectional Area.—For consideration the effects the 
cross-sectional Area the buckling load the data shown Table 
have been collected. The parameter A/A, has been varied over range 
four orders magnitude for Problems and Table being the value 
given therein. For all cases, elements were used for the arch. 
seen that general the effect negligible except for very small values 
A/A,, very small values the ‘‘slenderness defined 
Table 

would expected that, everything being equal, larger should increase 
the stiffness and hence the buckling load, however slightly. interesting 
note that very values the values p., actually decreased 


TABLE Cross-Sectional Area 


Problem 


10.9 
34.4 
108.8 
344.1 
1,088.2 
cross-sectional area used Table 
half curved length arch. 


with increase The reason for this appears lie the support 
boundary conditions and qualitatively explained follows. 

The full curved line Fig. represents uniformly compressed arch 
equilibrium with the end thrust that has horizontal component H,. The boundary 
conditions hinged ends require both ends move horizontally distance, 
bring this abcut, additional horizontal force applied. The total 
horizontal force H,. Denote and the horizontal stiffness 
due area and moment inertia respectively. Noting that varies 
with for the present parametric study, constant, and inversely 
c,/A, which the c’s are constants. Therefore, when large, 
decrease increase decreases the total horizontal reaction, 
and would lessen the tendency buckling and increase the buckling load. 
corroborate this observation, the values the horizontal reaction, due 
unit distributed loading the hinged arches are listed Table 


(1) (3) (4) (5) (6) (7) 
9.15 187 19.3 
7.52 249 60.9 
7.36 256 192.5 
7.33 608.6 
7.21 255 1,924.6 
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seen that very small values A/A,, the values are smaller and the 
buckling loads are larger. 


Discussion 


well known that compute the smallest bifurcation buckling load 
structure load system, the classical theory elastic stability can used 
formulate eigenproblem based the initial, undeformed geometry 
the structure. Since the pre-buckling deformation neglected, the accuracy 
the buckling load computed depends the extent that deformation. When 
not negligible, usually would the flexural rotation nature. Thus, 
the domain validity the classical theory elastic stability generally covers 
only those problems involving little prebuckling bending deformation. 

the formulation the eigenproblem for buckling analysis finite elements 
presented Mallet and Marcal (13) and used herein, the prebuckling deformation 
not ignored. Instead, taken linearly proportional the load. Numerical 


FIG. 4.—Effect Axial Flexibility 


results obtained this study seem indicate that, for systems that involved 
little prebuckling bending, the buckling loads calculated were quite accurate. 
But the system involved substantial prebuckling bending, the procedure would 
produce inaccurate results. 

The method was modified dropping the rotation terms course, 
neglecting such terms does not mean neglecting rotations the analysis. 
merely means the weakening effect bending deformations the 
axial stiffness, while the weakening effect axial deformations the bending 
stiffness remains. The modified matrix, appears analogous the 
well-known stiffness matrix’’ for straight beam elements (9). The 
performance the resulting method resembled that the classical theory 
elastic stability. The resemblance included the seemingly exceptional fact that 
eigenproblem solution would provide good estimate the buckling load 
for the case concentrated load the crown nonshallow circular 
arch. 

The preceding was observed from the numerical results obtained. Until 
more thorough study made, tentative explanation offered the following: 
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For problems within the domain the classical theory elastic stability, 
matters little whether not the rotation terms are included [ml] the 
rotations are negligible anyway. When the rotations are not small, the assumption 
linear relation between displacements and load may simply render the 
method invalid the actual behavior nonlinear. 

The system concentrated load the crown nonshallow arch has 
bifurcation load lower than the limit load. Thus, the prebuckling deformation 
smaller the former load than the latter. the former load, the buckling 
mode antisymmetric; the latter, the mode symmetric. For the antisymmetric 
bifurcation buckling load, the effect the rotation terms [ml] apparently 
was enough invalidate the result. However, the prebuckling deformation may 
not large enough invalidate the classical theory elastic stability. 
interesting note that this case the classical theory does yield accurate 
results (3), does the present procedure using For the symmetric 
buckling mode, the limit load obtained the classical theory erred greatly 
(3), apparently account significant prebuckling deformations. For such 
problems there seems short-cut obtaining the buckling load. would 
necessary, mentioned previously, solve the nonlinear equilibrium problem, 
Eq. 26, for series load increments and test for possible instability along 
the solution path. this case, both and should used and all 
terms should kept unless proven otherwise. course, the amount 
computations involved such procedure would much greater than that 
needed for eigenproblem. 


nonlinear elastic finite element for beam initially curved one plane 
but deformable the three-dimensional space has been presented. The geometric 
representation the element allows continuity the slopes and curvatures 
contiguous elements. Quadratic and linear eigenproblems were formulated 
and programmed calculate the in-plane and out-of-plane buckling loads 
arches. 

The following observations are made from the limited numerical results obtained 
for this study and should not regarded general conclusions: 


The buckling loads, computed from the quadratic eigenproblem, differed 
insignificantly from those computed from the linear eigenproblem. 

The terms the [m1] matrix containing the rotational displacements would 
excessively weaken the stiffness, yielding values the buckling loads that 
are generally too low; they should deleted. The resulting buckling load would 
essentially correspond those the classical linear theory stability, i.e., 
the bifurcation buckling loads. 

For most engineering purposes, sufficiently accurate buckling loads may 
obtained using few, perhaps six, elements represent the arch. 

The buckling load was not entirely independent the cross-sectional area. 
However, the dependence significant only for arches with L/r values 
small that they are probably outside the ranges practical proportions. 
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The following symbols are used this paper: 


A,B end nodes element; 

element geometry coefficients; 
horizontal displacement arch ends due compression; 
Young’s modulus elasticity; 
shear modulus; 
rise the arch; 
horizontal reaction support; 
horizontal component end thrust bending free arch; 
corrective horizontal force for hinged ends; 
horizontal stiffness due and respectively; 
moment inertia; 
moment inertia cross-section; 
structural linear stiffness matrix; 
element linear stiffness matrix; 
torsion constant cross-section; 
current curvatures about axes; 
initial curvatures about axes; 
span arch; 
half curved length arch; 
first order structural incremental stiffness matrix; 
second order structural incremental stiffness matrix; 
first order element incremental stiffness matrix; 
with rotation terms deleted; 
second order element incremental stiffness matrix; 
vector applied loads; 
critical value applied loads; 
reference load; 
displacement vector; 
reference displacement vector; 
radius curvature; 
radii curvature ends element; 
longitudinal axis curved beam member; 


CURVED BEAM ANALYSIS 


displacements along axes, respectively; 
strain energy structure; 

Strain energy element; 

energy due longitudinal strain; 

strain energy due torsion; 

quadratic, cubic, and quartic parts strain energy; 
structure global coordinate system; 

relative position end nodes element; 
element coordinate system; 

coordinates node element coordinate system; 
one half angle opening circular arch; 
twist cross-section about z-axis; 

rotations about axes, respectively; 

normalized position variable; 
longitudinal strain; 

angle tangent node (Fig. 2); 

rotation about x-axis; 

rotation about y-axis; 

changes curvature about axes; 
incremental operator; 

column vector; 

row vector; and 

rectangular matrix. 
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BOLTED FRICTION CONNECTIONS 
WITH WEATHERING STEEL 


Joseph Yura,’ ASCE, Karl Frank,’ ASCE, 
and Lloyd 


The principal variable that affects the slip resistance high-strength bolted 
shear connection the slip coefficient, k,, which indicator surface 
friction. There are currently reliable theoretical models for predicting slip 
resistance, experiments small connections are conducted determine 
the slip load. The slip coefficient, calculated 


slip load 


summary slip coefficients for various steel types, surface treatments 
and surface coatings presented Ref. These data have been used 
develop the allowable bolt shear stresses friction joints which appeared 
the Specification for Structural Joints Using ASTM A325 A490 Bolts, 
hereinafter referred the Bolt Spec, 1976 (9). The American Association 
State Highway and Transportation Officials (AASHTO) reduced the Bolt 
Spec values about 10% and incorporated them into the 1978 Interim Bridge 
Specifications (5). The AASHTO design recommendations for unprotected steel 
surfaces are reproduced Table Values given for surface classes 
and were based over 700 slip tests for steels with specified yield points 
between ksi (228 MPa) and 100 ksi (690 MPa). Some specimens were exposed 
the atmosphere permit surface corrosion prior assembling and testing. 

None the documented slip tests were conducted ASTM steel 
(weathering steel), which very common bridge structures with mill scale, 
and blasted and painted surface conditions. Tests have indicated that the type 
steel has little effect when the surfaces are painted (3). However, the bare 
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Note.—Discussion open until April 1982. extend the closing date one month, 
written request must filed with the Manager Technical and Professional Publications, 
ASCE. Manuscript was submitted for review for possible publication February 11, 
1981. This paper part the Journal the Structural Division, Proceedings the 


American Society Civil Engineers, Vol. 107, No. November, 1981. 
ISSN 0044-8001 


2071 


2072 NOVEMBER 1981 


steel condition may show some differences for A588 steel, since the surface 
which provides the improved corrosion resistance different from other structural 
steels. addition, data are available A588 steel address the issues 
the effect exposure slip resistance and the effect faying surface 
corrosion the bolt clamping force. 

experimental program was undertaken determine the slip characteristics 
connections using A588 steel. Static slip tests and creep tests were conducted 
connections with blasted and mil scale surfaces. Some joints were weathered 
over time intervals yr. Bolt forces were monitored the exposed 
creep tests. Different grades A588 steel (10) well different heats 
steel within certain grade were studied that design recommendations would 
represent the variations expected. total 126 slip tests were conducted. 

the subsequent sections, the test program and results are presented. The 
results are compared those obtained for other structural steels, and design 
recommendations for friction connections structures using A588 steel are 
developed. 


PROGRAM 


Program Variables.—A test program was designed provide statistically valid 
slip data for friction connections with A588 steel. The program was devoted 
principally connections with unprotected surfaces, both mill scale and blasted, 
and the effect surface corrosion the slip characteristics. few pilot 
tests were designed investigate the significance what were presumed 
minor effects related creep, paints A588 steel, and changes bolt 
clamping forces. Both tension-type and compression-type slip tests were consid- 
ered. schematic diagram summarizing the slip test program shown Fig. 
The number tests conducted shown parentheses. general, five 
replicate specimens were tested for each principal variable. The experimental 
work was conducted two separate agencies, The University Texas Austin 
(UT) and the Federal Highway Administration (FHWA). 

are nine different grades (A-H, A588 steel, based 
variations their chemical composition, with the same mechanical properties. 
Three different heats from Grade and two heats from Grade were used 
the study. One heat Grade was used for all tests conducted 
the University Texas and identified Steel Al. The remaining two 
heats Grade (Steels and A3) and the two heats Grade (Steels 
and B2) were used the FHWA tests. All steel was purchased the 
open market. Chemical analyses and tensile coupon tests confirmed that the 
steels satisfied the chemical and physical requirements for A588 steel. The 
connection test results from the five heats A588 steel should provide 
reasonable indication the mean slip coefficient and its variation for this type 
steel. 

Surface bridge structures A588 steel used with mill scale, 
blasted, and painted surface conditions. Because other research had shown that 
steel type had effect when the surfaces were painted, all but two the 
126 slip tests were conducted mill scale blasted surfaces. All blasted 
plates for the tests were dry sandblasted with No. blasting sand (fine) 
white metal condition. Plates for the FHWA tests were grit-blasted 
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white metal using 100-mesh aluminum oxide. All sandblasting was done 
one time; similar situation was arranged for the grit-blasting. Prior assembling 
the connection, the faying surfaces were cleaned with acetone. 

Two connections with zinc-rich primer, one organic and the other inorganic, 
were tested. The paints were the same those used another study (3), 
modified single package organic zinc-rich phenoxy and two-component silicate 
base inorganic primer. both connections the zinc primer was sprayed 


FEDERAL HIGHWAY ADMINISTRATION 
COMPRESSION-HB TESTS 
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FIG. 1.—Slip Test Program 


multiple coats dry thickness mil surface sandblasted white 
condition which satisfied the paint manufacturer’s surface treatment recommen- 
dations. 

Exposure.—A variety questions were considered the design the 
experimental program follows: (1) How the slip resistance affected the 
connection components are exposed open air prior assembly? (2) the 
slip load affected exposure after the connection assembled? (3) Will faying 
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surface corrosion after assembly affect the tensile load the bolt? (4) there 
any effect slip resistance there significant applied shear load the 
assembled condition during exposure? (5) the rate surface corrosion affected 
the applied load? 

The test program was principally devoted the exposure effects. 
Three categories specimens considered detail the next section were 
developed resolve these questions. The specimens were left continuously 
the open air suspended vertically racks until testing. Nineteen slip tests 


ALL PLATES THICK 


(a) BOLTED SPECIMEN-B 


NUT 
7/8 A325 


SPECIMEN 


END PLATE (SAME 


(b) HYDRAULIC BOLT SPECIMEN 
FIG. Specimens in. 25.4 mm) 


were conducted after months exposure, tests after months exposure. 
The specimens were exposed in. (580 mm) rainfall and periodic wetting 
with Austin city water (alkaline) during dry spells. The humidity was usually 
less than 60%. the FHWA program five grit-blasted specimens from each 
heat steel were exposed the Washington, D.C., atmosphere for period 
months prior assembly and testing. During this period, 4.5 in. (114 
mm) rainfall were recorded, and the relative humidity was typically 64%. 


LOAD 
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Test Specimens and Arrangement.—Four different test specimens using two 
different test arrangements (compression test tension test) were developed 
meet the program objectives. Both compression-type and tension-type speci- 
mens were used because convenience and also determine the type 
test affects the slip load. Some limited previous data indicated that the type 
test did not significantly influence the slip load (4). The details the specimens 
are given Figs. and 

All specimens were constructed from A588 steel bar stock and the contact 


SPECIMEN 


ALL PLATES THICK 


FIG. 3.—Bolted Tension Specimen-B in. 25.4 mm) 


surface area was in. (102 mm) in. (76 mm). hardened washer was 
used under the nut. Two specimens had 1-1/8-in. (29-mm)-diam oversize holes 
with 7/8-in. (22-mm) fasteners; all other specimens had standard 
(24-mm) holes. All bolts were 7/8-in. (22-mm) A325 (Type 3—weathering for 
the exposure tests) and were tightened modified turn-of-nut method (9) 
examined later. All connections were assembled jig for alinement with 
the fasteners bearing direction opposite the planned loading ensure 


PIN BOLT 
LOAD 
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obvious slip deformation. description each test specimen and test setup 
follows. 

Compression-B.—These bolted specimens were assembled prior exposure. 
The purpose this type specimen was provide slip data for conditions 
simulating shop-bolted connection (no significant exposure prior assembly) 
with maximum shear load applied later time service. After assembly, 
the connection was placed outside and exposed continuously for months 
months. The slip load was measured after this exposure, shown schematically 
Fig. 2(a). 

Compression-HB.—The connection which crosshatched Fig. 
similar the specimen described above except that 


WEATKERING 
STEEL BOLT 
7/8 - A325 


SPECIMEN 


ALL PLATES THICK 


FIG. 4.—Bolted Tension Creep Specimen-BC in. 25.4 mm) 


used clamp the plates together. threaded rod passes through centerhole 
ram and locked position nuts both ends. Oil pressure applied 
the ram, which forces the drilled nut, 7/8-in. (22-mm) nut with threads 
drilled out can slip along the threaded rod, against the connection plate. 
The drilled nut provides the same plate contact area bolt. Oil pressure 
increased until the desired clamping force reached. The clamping force 
easily maintained the desired level while the test machine applied shear 
load the connection. clamping force kips (174 was used, which 
the minimum specified for 7/8-in. (22-mm) A325 bolt (9). The details and 
development this test arrangement are described more fully Ref. where 
more than 600 slip tests using the compression test setup are reported. 
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photo the specimen the compression test machine shown 
Fig. 

This test specimen was the principal one used both the and FHWA 
programs because its reliability and ease testing. was also used 
simulate conditions found field-bolted connections which the component 
plates are exposed the atmosphere for some time before assembly and the 
connection subjected load reasonably soon after field bolting. 

Tension-B.—Three tension specimens were designed provide direct 
comparison with the slip load from the compression specimens with unexposed 
mil scale surface. The symmetrical design the test specimen shown cross- 
hatched Fig. permits two independent slip load tests. The end fixture plate, 
shown solid, fits between the plates the test specimen and gripped 


slip load 


0.020 
SLIP (in.) 


FIG. 7.—Definition Slip Load in. 25.4 mm) 


the tension test machine. The pin bolts are left loose for alinement. 

Tension-BC.—Twelve bolted creep specimens (five sandblasted, mil scale, 
one organic zinc, and one inorganic zinc) were fabricated, shown Fig. 
The bolts were installed, and then, using pin bolts, the specimens were connected 
series outside single chain, shown Fig. The creep test setup 
similar the one described detail Ref. Briefly, the lower end 
the specimen chain was attached set calibrated soft springs and the 
upper end loading fixture. The upper fixture was used load the chain 
the desired force level, and the springs reasonably maintained the load 
this level creep slip occurred. Small adjustments were made periodically 
keep the load constant. When the creep experiment was terminated after 
yr, the chain was unloaded and static slip tests conducted. 
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Bolt the test specimens assembled with A325 bolts, 
necessary establish the bolt clamping force order derive the slip coefficient 
from Eq. Three bolts from each the two lots used the program were 
tested establish the average relationship between bolt tension and elongation. 
This bolt calibration procedure described detail elsewhere (7) and was 


TABLE 2.—Summary Slip Test Results 


Average 


Surface Steel Months slip Standard 
condition identity exposed 
(1) 


scale 

scale 

scale 
Sand 
Inorg. zinc 
Org. zinc 
scale 
Sand 
scale 
scale 
scale 
scale 
Sand 
Sand 
Sand 
Sand 


na 


in. (29-mm) diam holes. All other specimens had (24-mm) diam holes. 
slipped into bearing during creep experiment. 


similar that used others (8). The average calibration curve for the particular 
lot under consideration and the measured bolt elongation each connection 
were used establish the clamping force. 

minimize variations the clamping forces, bolts were installed modified 


(a) University Texas Tests 
Tens.-B 0.20 0.015 
Tens.-BC 0.29° 0.019 
Tens.-BC 0.65 0.047 
Comp.-HB 0.20 0.009 
Comp.-HB 0.86 0.038 
Comp.-HB 0.27 0.009 
Comp.-B 0.18 0.004 
Comp.-HB 0.37 0.068 
Comp.-B 0.19 0.011 
Comp.-HB 0.74 0.043 
Comp.-B 0.77 0.035 
Comp.-HB 0.59 0.080 
Comp.-B 0.75 0.020 
(b) Federal Highway Administration Tests 
scale Comp.-HB 0.26 0.016 
scale Comp.-HB 0.28 0.008 
scale Comp.-HB 0.23 0.019 
scale Comp.-HB 0.23 0.016 
Grit Comp.-HB 0.59 0.083 
Grit Comp.-HB 0.38 0.018 
Grit Comp.-HB 0.50 0.078 
Grit Comp.-HB 0.60 0.047 
Grit Comp.-HB 0.78 0.078 
Grit Comp.-HB 0.87 0.063 
Grit Comp.-HB 0.86 0.073 
Grit Comp.-HB 0.83 0.042 
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turn-of-nut method (9) produce bolt elongations within the flat yield plateau 
the average calibration curves. turn from the snug position was applied 
initially and then sometimes slight additional rotation bring the bolt within 
the desired elongation range. Normal turn-of-nut installation practice for this 
bolt length would require one-third turn +30° (between 1/4 and 5/12 turns). 
The typical clamping forces for the two lots were kips (214 kN) and 54.5 
kips (243 kN) using the modified procedure. 


Test Procedure and Instrumentation 

Slip Tests.—The test procedures for compression-type slip tests and tension- 
type were the same. The specimens were alined the test machine minimize 
eccentricities. the case compression-type specimens, spherical head was 
used ensure uniform compression along the edge the plate. Pin bolts 
(see Fig. were used connect the tension specimens the end fixtures 
which eliminated bending the specimen. Linear potentiometers DCDT’s 
were located each side the specimen and connected manner give 
the average relative displacement (slip) between the interior connection plate 
and the two side plates, shown Fig. The slip and the load applied 
the specimen were plotted automatically using X-Y recorder. The applied 
loading rate was approx kips (111 0.003 in. (0.076 mm) 
The test was terminated when total slip reached approx 1/16 in. mm), 
the nominal hole clearance. 

The slip load was determined from the connection load-deflection plot, some 
typical types which are shown Fig. The slip load was recorded 
one the following: (1) The maximum load this maximum occurred before 
total slip 0.02 in. (0.51 mm) occurred; (2) the load which the slip rate 
suddenly increases, typically shown curve and (3) the load measured 
when the slip 0.02 in. (0.51 mm). This definition controls when the load-slip 
curve shows gradual change response, shown curve 

Creep Tests.—The magnitude the load the creep chain was chosen 
produce theoretical bolt shear stress 16.5 ksi (114 MPa). This stress level 
just greater than the maximum allowable 16.0 ksi (110 MPa) for mill 
scale surfaces given Table The allowable stresses for the other surfaces 
the chain (blasted and zinc-rich paint) based the AASHTO Specification 
are greater than ksi (131 MPa). Initially, load equal 75% the maximum 
desired level was applied and maintained for month. Then, the bolt shear 
stresses were increased 16.5 ksi (114 MPa) and maintained this level until 
the chain was dismantled about later. 

During the creep experiment, adjustments were made the applied load 
maintain the bolt shear stress with +0.25 ksi (1.7 MPa) the desired level. 
The detailed procedure for applying and maintaining the loads given elsewhere 
(7,11). micrometer was used measure the relative shear movement between 
the inside plate and the two outer plates the creep specimen shown Fig. 
Creep measurements provided deformation data reliable +0.0004 in. (0.0102 
mm) (7). 

Bolt Forces.—The change bolt elongation was monitored the exposed 
specimens. The bolt length was recorded after assembly using mechanical 
extensometer. The length unassembled bolt was also recorded the 
standard gage account for changes the extensometer and temperature. 
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The elongations the standard gage bolt and the connection bolts were recorded 
again when the connections were prepared for the slip tests, either months 
later. The bolt elongations were converted bolt forces using the 
bolt calibration curves described earlier. 


Test ANALysis 


Static Slip summary the 126 slip tests presented Table 
Two the tests were painted surfaces; had blasted contact surfaces. 
all and type tests, the plates were assembled the final connection 
with 7/8-in. (22-mm) A325 bolts prior exposure; the tests, the plates 
were exposed the unassembled state. The number tests listed each 
category are different replicate connections. The slip coefficients were 
calculated using Eq. based the slip loads defined Fig. 

Mil Scale Surfaces.—Five different heats from two grades A588 steel were 
tested the unweathered state. The for the five heats taken from Table 
are: A2—0.26; A3—0.28; and Treating these 
five averages individual samples, the average for all heats 0.24. 
the slip tests are treated individual samples, the average 0.23 (standard 
deviation, s.d. 0.034), slight reduction from the average the heats because 
tests were conducted steel and five tests each the other heats. 
The average values for are 0.25 and 0.23 for Grades and respectively. 
The six tension tests and five compression tests the steel gave the 
same average indicating the type test has effect. There was difference 
the for standard and oversize holes. This was due the fact that the 
modified turn-of-nut method resulted the same clamping force for both 
conditions. Using standard tightening techniques, lower clamping force, and 
consequently lower slip load, would expected (2). 

The average 0.23 for A588 steel significantly lower than the average 
for mil scale surfaces, 0.34, reported Fisher and Struik (2) for steels 
with yield strengths ksi (345 MPa) less. Their summary 312 slip 
coefficients shown Fig. along with the test results for A588 steel, 
shown black. The data suggest that the current allowable stress the Bolt 
Spec not applicable A588 steel. The average for A588 steel only 
68% the value for other steels. Further analysis will presented subsequent 
section dealing with design recommendations. 

Blasted Surfaces.—The unweathered blasted specimens gave mean 
0.58 (s.d. 0.17). This standard deviation quite large and caused 
combining the results the five sandblasted specimens, mean 0.86, s.d. 
0.04, and the grit-blasted specimens, mean 0.52, s.d. 0.10. The 
type blasting had significant effect the surface roughness. Considering 
the scatter within the replicates for the four heats grit-blasted specimens, 
there significant effect steel grade k,. 

Since only one heat steel was sandblasted, there insufficient data 
suggest that all sandblasted A588 steels have typical excess 0.8, 
which the highest reported the literature. Fouad’s (3) tests 103 
sandblasted specimens with three different steels—A36, ksi (248 MPa); 
ksi (345 MPa); A514, 100 ksi (690 MPa), gave average 
0.52, which similar the average value reported Fisher and Struik 
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(2), 0.49, for 168 tests mild carbon steel which were grit- sandblasted. 
Their data show that the type blasting does not significantly affect the average 
slip characteristics nonweathering steels. Until additional test data are available 
sandblasted A588 steel, recommended that distinction made between 


TABLE 1.—Allowable Bolt Shear Stresses, kips per square inch (megapascals); 
AASHTO Interim Bridge Specification (Abridged) 


Oversize 
Standard and Short 


Surface Holes Slotted Holes 


Class condition 
surface bolted parts 
(1) (2) 


Clean mill scale 


Blast-cleaned carbon and low 
alloy steel 

Blast-cleaned quenched and 
tempered steel 


Note: ksi 6.9 MPa. 


MEAN, 
(0.34) 


REF.4, OTHER STEEL 
TESTS) 


STEEL 
TESTS) 


FREQUENCY 


SLIP COEFFICIENT 


FIG. 8.—Distribution Slip Coefficient for Clean Mill Scale 


sandblasted and grit-blasted A588 steel and that 0.5 considered 
appropriate for all blasted steel surfaces. 
Exposure.—With months exposure, the four heats grit-blasted A588 tested 


A490 A490 
(4) (6) 
16.0 20.0 13.5 17.0 
25.0 31.0 21.0 26.5 
(214) (145) (183) 
17.0 21.0 14.5 18.0 
50 
20 
10 
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the FHWA showed 60% increase the average from 0.52-0.83. The 
sandblasted specimens exposed Austin showed decrease with 
increased exposure; 0.86, 0.74, and 0.59 for months, months, and months 
exposure, respectively, shown solid line Fig. where each data 
point represents the average five tests. could reasoned that surface 
corrosion deteriorated the rough unweathered surface profile the sandblasted 
plates which had developed very high k,, whereas the smoother grit-blasted 
plates were further roughened the weathering. Specimens bolted prior 
exposure (B) showed little change over months. Examination the 
specimens after testing indicated very little surface corrosion the faying 
surfaces. 


Tests underway England (6) the effect exposure indicate that 


Avg other (Ref.4) 


04 
other steel, mill scale (Ref.4) 


AVERAGE SLIP COEFFICIENT 


MONTHS EXPOSED 


FIG. 9.—Effect Exposure Slip Resistance 


weathering improved the slip coefficient grit-blasted plates for both Grade 
steel and weathering steel. The initial slip coefficients for the two steels, 
0.42 and 0.37, respectively, were improved 0.52 and 0.49 exposure. 

The sandblasted tension slip specimens gave average 0.65 after 
months exposure under load the creep chain. This 15% lower 
than the results from the compression specimens which were exposed similar 
amount but not under shear load. Examination the faying surfaces after 
testing indicated the stressed connections (BC) weathered faster rate than 
the unloaded connections (B). The bolted sandblasted specimens gave higher 
than the plates which were unassembled and showed significant weathering 
after months exposure. 


1.0 
0.8 
0.6 
MILL SCALE 
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The unbolted exposed mill scale plates (HB) visually showed the results 
months exposure, and they also compared the unexposed 
plates. After months, the average for the mil scale plates increased 
from 0.20-0.37. The slip coefficient for the mil scale tension specimens 
exposed for months gave slip coefficient 0.29, assuming two shear 
planes all other tests. However, this value cannot compared the 
compression specimen results for months exposure because these creep 
specimens had already slipped into bearing during the creep experiment, 
described later. 

These test data indicate that exposure sand and grit-blasted A588 steel 
prior connection assembly does not produce less than the 
average value for clean blasted surfaces other steels. Exposure improved 
the slip resistance A588 mil scale surfaces. However, took months 
exposure prior assembly increase 0.34, the average value for 
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BOLT STRESS 


° 


POSSIBLE BEARING CONTACT 


EXPERIMENTAL RELIABILITY 


ORGANIC ZINC PAINT 
43 mils thick 


1000 
WOURS UNDER LOAD 


FIG. 10.—Creep-Time Response, Organic Zinc Specimen in. 25.4 mm) 


mil scale surfaces other steels. would normally expected that the steel 
exposed only few months before assembly. Since the exposure effect 
almost linear, shown Fig. few months exposure will not significantly 
improve the slip load. 

Creep Tests.—All specimens the creep chain were subjected the 
same load history, 12.5 ksi (86 MPa) bolt shear stress for days (865 hr) 
and then 16.5 ksi (114 MPa) for additional year (9,098 hr). The maximum 
connection load applied was 91% the average expected slip load based 
the measured 0.20 for the mil scale surfaces and 54.5-kip (243-kN) 
bolt clamping force. When the load reached the first stage 12.5-ksi (86-MPa) 
bolt stress, significant slip was recorded for two specimens, 0.009 in. (0.228 
mm) for mil scale connection and 0.003 in. (0.076 mm) for the organic zinc 
specimen. significant additional movement occurred during the days this 
level was maintained except the organic zinc specimen. The deformation-time 
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response for this specimen, shown Fig. 10, indicates continuous creep until 
approx 300 elapsed. Then the creep rate significantly reduced because bearing 
contact occurred (11). 

When the load was increased, corresponding 16.5-ksi (114-MPa) bolt 
shear stress, all five mil scale specimens suddenly slipped into bearing with 
loud reports after the load was held for hr. examination the individual 
slip tests unexposed mill scale surfaces, which were summarized Table 
showed that some connections slipped loads slightly lower than those 
applied the creep chain. Because the small range k,, for 
the steel specimens, the dynamic effect caused slip one specimen 
could trigger slip the remaining connections. During the creep experiment, 
the sandblasted and inorganic zinc specimens which were subjected shear 
loads equal 55% their slip loads showed significant creep slip. 

Creep did occur the organic zinc specimen bolt shear stress level 
12.5 ksi (86 MPa), which was 25% the slip level and only 66% the 
allowable stress permitted the AASHTO Specification. This single test does 
not follow the creep results the same paint and type specimen reported 
Nanninga (7). After more than 1,000 shear stresses 21.4 ksi (148 
MPa), insignificant movements approx 0.001 in. (0.025 mm) were recorded 
organic zinc connections. The difference between these two sets data 
cannot adequately explained. Nanninga’s tests were conducted indoors, 
whereas the single test reported herein was exposed outside. Perhaps higher 
temperatures the outside specimen promoted the creep. While single test 
result not sufficient develop broad recommendations, should not 
dismissed either. Further creep tests should conducted exposed specimens 
with organic zinc paint. the meantime, organic zinc paint the faying surfaces 
connections with significant sustained loads should used with caution. 

Bolt Elongations.—One concern unpainted joints the possibility corrosion 
the faying surface causing increase the bolt elongation that the 
bolt fails tension. After months exposure, the bolts unpainted 
specimens increased length average 0.0008 in. (0.0203 mm), consistent 
with weathering the faying surface. Because the ductility the A325 
bolt established the calibration tests, would take about 100 constant 
increases this level elongation fail the bolts. However, due the 
claimed weathering mechanism A588 steel, the rate weathering would 
not remain constant over this period time. can, therefore, concluded 
that faying surface weathering will not adversely affect the bolt performance 
A588 steel connections which the bolts are placed compact patterns. 
bolts are widely spaced such that some plate material not good contact, 
may possible that expansion the faying surface due corrosion would 
cause some prying forces the bolt. This possibility was not considered 
the research project and would not concern typical friction-type shear 
connections. 

The bolts the painted specimens showed decreases length due creep 
the paint the direction the clamping force. The loss clamping force 
corresponding reduction length 0.0009 in. (0.0229 mm), assuming 
elastic unloading and using the bolt calibration data, kips (22.2 kN) 
the initial clamping force 54.5 kips (243 kN). The for the two 
painted specimens given Table based the reduced clamping force 
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49.5 kips (220 kN). Relaxation the bolt clamping force due paint creep 
has been reported others (1,7). 


the 1966 Bolt Specification (19a), the allowable bolt shear stress 
ksi (103 MPa) for mil scale surfaces was based 0.35, the minimum 
specified clamping force, and factor safety 1.51. building structures, 
there has been almost satisfactory connection performance using this 
stress level. Data collected since then reduced the average for mill scale 
0.336 (2), that the factor safety using the 1966 stress level would 
1.45. 1976 the Bolt Spec increased the allowable stress 17.5 ksi (121 
MPa) mainly the basis laboratory data which indicated that the clamping 
force for calibrated wrench tightening would typically 13% higher than the 
minimum specified. 

the writers’ opinion, the possible increase above the minimum specified 
clamping force should not considered the development design recommen- 
dations for the following reasons: 


The statistics which indicate higher than minimum specified clamping have 
typically been developed from laboratory data, with the bolts tightened carefully 
researchers. This may not representative actual field installation 
fabricators and erectors. 

Much the turn-of-nut tightening data was based one-half turn from 
snug, but current specifications would permit many these bolts tightened 
one-third turn, resulting lower clamping force. 

Tension control techniques such load indicator washers produce results 
closer the minimum specified clamping force which should acceptable. 

Losses bolt clamping force due paint creep. 


factor safety 1.45 with the minimum specified clamping and the 
mean from the tests reported herein used develop the design recommen- 
dations for A588 steel. For mil scale surfaces with 0.23, the allowable 
stress ksi (69 MPa) with A325 bolts. For blasted surfaces, using 
0.52, typical the grit blasting, the allowable stress ksi (159 MPa), indicating 
considerable structural advantage blast clean the faying surfaces A588 
steel. The allowable stresses would valid for plates exposed for 
prior assembly. There should difference between the painted 
steel and other steels with the same paint. The use organic zinc paint 
with sustained loads the faying surface should limited until additional 
data are generated. 


Summary ano 


extensive experimental program was undertaken establish the slip 
resistance shear connections constructed from A588 (weathering) steel. The 
test program included connections exposed the atmosphere for periods 
yr. The data indicated that A588 mill scale surfaces have less slip resistance 
than the mil surfaces other steels. was recommended that the allowable 
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bolt shear stress reduced for A588 steel. Because this low slip strength 
recommended that the faying surfaces sand- grit-blasted whenever 
possible. Exposed creep tests indicated that corrosion the base steel surfaces 
will not detrimental the strength compact bolted connections. organic 
paint the faying surface one connection did exhibit significant 
creep and further studies are recommended investigate this problem. 
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PROCEDURE FOR PREDICTING WIND DAMAGE 


INTRODUCTION 


Hurricane Allen, the tornadoes that struck Grand Island, Neb., and the 
thunderstorm winds that hit Lubbock, Tex., are typical storms that occur 
regular basis the United States each year. While not practical 
design ordinary buildings resist storms which produce wind loads significantly 
excess current design practices, desirable for building owner 
know what type damage might take place and what the consequences 
that damage might the operations carried out the building. With such 
knowledge, emergency plans can formulated and alternative plans operation 
can developed. 

more than post-storm investigations conducted the Institute for Disaster 
Research Texas Tech University (6), personnel have systematically categorized 
the types damage buildings produced windstorms. The studies include 
assessment the performance structural components well the architec- 
tural features the building. The knowledge gained from these post-storm 
investigations has been utilized the development procedures for predicting 
potential wind damage existing buildings. 

Two procedures are described this paper that involve different levels 
engineering effort. Level subjective approach, whereas Level 
analytical approach. The Level procedure accomplished conducting 
on-site survey the building and completing questionnaire that establishes 
details the building construction. The type damage the existing building 
can deduced from knowledge the behavior similar buildings windstorms. 
The Level procedure involves structural analysis based knowledge 
wind-structure interaction and the strengths materials used the construction. 

the October 27-31, 1980 ASCE Convention and Exposition, held 
Hollywood-By-The-Sea, Fla. (Preprint 80-644). 

Dept. Civ. Engrg., Texas Tech Univ., P.O. Box 4089, Lubbock, Tex. 79409. 

Dept. Civ. Engrg., Texas Tech Univ., Lubbock, Tex. 79409. 

*Design Engr., Southwestern Public Service Co., Amarillo, Tex. 

Note.—Discussion open until April 1982. extend the closing date one month, 
written request must filed with the Manager Technical and Professional Publications, 
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Results the analysis give wind speeds associated with specific sequence 
damage. The probability the damage sequence can determined 
tornado hazard probability model has been developed for the region containing 
the site (2). This paper presents brief description the two procedures. 
Refs. and provide specific details. 


Proceoure 


The subjective procedure relatively simple and can performed architects 
engineers who are familiar with wind-caused building damage. The damage 
potential determined subjective judgment based survey the building 
and answers the questionnaire. The procedure and questionnaire initially 
were developed McDonald and Lea effort predict potential wind 
damage Veterans Administration facilities (4). copy the questionnaire 
and explanation for its interpretation are contained Ref. 

Exterior Survey.—This part the survey determines information about the 
exterior walls and cladding. The location and extent window glass the 
exterior walls documented. survey the immediate area surrounding the 
site provides information potential windborne debris. Identification the 
location utilities tie-ins, mechanical equipment, and emergency equipment 
used assess potential damage and possible disruption services the 
building. 

Survey from Roof.—This survey identifies the type and conditions roofing 
material, the height parapet walls, the type coping, drainage conditions 
(potential for ponding), and the location radio antennas. The anchorage 
mechanical equipment the roof inspected determine the size openings 
the roof that would exposed the mechanical equipment blown away. 
view the surrounding terrain and adjacent buildings indicates possible 
shielding channeling effects. The presence roof gravel adjacent buildings 
threat window glass located downwind from the roof gravel source. 

Survey Mechanical and Electrical Equipment Rooms.—The location vital 
mechanical and electrical equipment such emergency generators, natural gas 
regulators, and electrical transformers are noted. The susceptibility equipment 
flooding also included the survey. 

Study Construction Drawings and drawings 
and specifications are viewed with the purpose identifying the type structural 
system, the reinforcement, lack thereof, load-bearing masonry walls, and 
the type anchorages and connections used. The wind loads should traced 
from the walls and roof through the structural system and into the foundation. 
sharp eye should the lookout for weak links the lateral load resisting 
system. 

Once the survey and the questionnaire are complete, the inspector 
position make subjective judgments potential damage the building. 
Features observed the survey are compared with the performance similar 
features buildings that have been affected windstorms the past. 

There are three principal types potential damage: (1) Overall structural 
collapse; (2) failure individual structural architectural components; and 
(3) breach the building containment. Overall structural collapse not likely 
ordinary buildings that have received some degree engineering attention 
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the design process. Failure individual structural component such 
load-bearing wall can lead progressive failure other components overall 
collapse. Likewise, the failure roof-to-wall anchorage can lead removal 
all part the roof. Breach the building containment may the result 
structural architectural component failure. nonload-bearing wall could 
collapse, window glass could break, loss mechanical equipment could 
expose opening the roof. Breach the containment allows wind 
water, both, get inside building, causing problems with personnel comfort 
and damage equipment and furnishings. 


This analytical procedure not only predicts the type damage low-rise 
buildings, but also predicts the wind speeds which sequence failures 
will take place. The analytical procedure utilizes state-of-the-art knowledge 


TABLE the Three-Task Analytical Procedure for Predicting Wind- 
storm Damage (7) 


Data collec- Collection of: Action of: Knowledge of: 


tion Structural drawings Site visit Structural systems 
Architectural drawings Determination Material strengths 
Specifications material Site characteristics 
strengths 


Analysis Knowledge of: Analysis using: Establishment of: 


Structural systems Structural mechan- 
Material strengths ics wind speeds for 
Site characteristics Wind loads each building 
Engineering judg- component 
ment 
Interpreta- Knowledge of: Analysis using: Establishment of: 
tion Threshold-failure wind Structural Damage sequence 
speeds for each Engineering judg- Wind speed ranges 


building component ment Probability dam- 


age 


wind loads, the physical properties construction materials, and the response 
building systems wind loads order predict the wind speed associated 
with sequence failures. 

The analytical procedure divided into three tasks: (1) Data collection; (2) 
analysis; and (3) interpretation. Each task consists three increments: (1) data; 
(2) function; and (3) result. Assembly information, action the analyst, 
and formulation results constitute the data, function, and result increments, 
respectively. The three-task procedure, with three increments per task, shown 
Table The results Tasks and are the input data for Tasks and 
respectively. The result Task the interpretation terms damage 
sequence and probability damage. 


2092 NOVEMBER 1981 


The procedure assumes that the building may experience wind from any 
direction and that each building component experiences wind from the most 
critical direction. The procedure restricted low-rise buildings. 

The structural response building component made static and 
dynamic part. For low-rise buildings and relatively stiff components, the 
contribution the dynamic part the response can neglected. The fundamen- 
tal frequencies low-rise buildings their components are much higher than 
wind gust frequencies. For example, components such masonry walls 
metal roof decks have fundamental frequencies greater than Hz, while most 
the free field wind gust spectrum energy the frequency range that 
less than 0.5 (1). The disparity between fundamental frequencies building 
components and gust frequencies the wind suggests that the dynamic part 
the response negligible for ordinary structures. 

Data Collection.—The collection data the first task the procedure, 
indicated Table The information desired includes the structural drawings, 
architectural drawings, and construction specifications. These items should 
reviewed prior site visit. This review will allow the evaluator determine 
the facility has been built according the plans. will aware any 
modifications additions that may have been poorly documented. addition, 
review the drawings will indicate those construction materials for which 
strength properties will needed. Once the documents have been reviewed, 
site visit should planned and arrangement for tests, needed, should 
made. The site visit and the establishment strength properties are the 
functions performed increments Task (cf. Table 1). 

The site visit provides the analyst with personal contacts with individuals 
who have access information about the building. These individuals may 
able quickly provide information not contained the drawings and specifi- 
cations. addition, the site visit provides opportunity for the analyst 
obtain personal knowledge the building which may facilitate interpretation 
the drawings. 

Use the questionnaire the Level approach good starting point 
the site visit. subjective formulation probable damage can made 
using the questionnaire. Specific building components can identified which 
are particularly susceptible windstorm damage. addition, the subjective 
judgments can used basis for decision whether not detailed 
analysis (Level II) warranted. 

Since the strengths most engineering materials are higher than assumed 
specifications, median strengths should used the analyses. The median 
strength represents the middle, average, value statistical distribution 
which describes the variation material strength. Representative median strength 
properties are essential for the analysis. Median strengths which are either too 
high too low will result either underpredicting overpredicting the potential 
damage building. Therefore, establishing representative median material 
strengths critical producing accurate results. 

The result Task knowledge the structural systems employed 
the building, the strength the construction materials, and the site characteris- 
tic. The results Task are utilized the data increment for Task 

Analysis Building.— Analysis the building accomplished using the results 
Task the data increment for Task This data includes knowledge 
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the structural systems employed the building, the strengths the construction 
materials, and the site characteristics. This information, along with the use 
structural mechanics, wind loading conditions, and engineering judgment 
used perform structural analysis for each component the building. The 
structural analyses establish failure pressure for each component the building. 
The failure pressure used calculate threshold wind speeds associated with 
the postulated failure. 

Possible failure modes for various building components are listed Table 
The failure modes are produced pressure and impact. failure mode 


TABLE 2.—Building-Component Failure Modes (7) 


Failure Mode 


Building components 
(1) 
Doors, windows, 
louvers 
Roof: 
Deck slab 


Pressure loading 
(2) 
Anchorage, support 


Impact loading 
(3) 


Perforation 


Excessive shear bending 
stresses, anchorage, support 
Excessive shear bending 
stresses, anchorage, support 
Excessive shear bending 
stresses, anchorage, support 
Excessive plastic deformation, 
formation mechanism, 
connections, bolts, welds, 
anchorage, support 
Rotation, uplift 


Perforation 


Beams, joists, pur- 
lins 
Walls 


Excessive deformation, col- 
lapse 

Perforation, excessive de- 
formation, collapse 

Excessive deformation, col- 
lapse 


Structural frames 


Footings 


TABLE 3.—Loading Conditions (7) 


Loading 
(1) 
Wind pressure alone 

Wind plus APC 

APC alone 

Windborne debris* 


Part building affected 
(2) 
Exterior walls, roof, structural frame 

Exterior walls, roof, sealed rooms with exterior walls 
Sealed rooms protected from winds 
Exterior walls, roof, structural components 


“Combinations impact with any one the other three conditions are possible, but 
are neglected. 


associated with pressure caused aerodynamic wind loads atmospheric 
pressure change (APC). failure mode associated with impact caused 
wind-borne debris. The failure modes associated with roof joist, e.g., include 
excessive stress due shear bending, anchorage failure, and support failure 
(cf. Table 2). anchorage failure might the pullout anchor bolt 
which attaches the joist the wall. support failure occurs when load-bearing 
wall collapses, leaving support for the joist end reaction. 
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The analysis building determine the threshold wind speeds for failure 
each building component may include four possible loading combinations, 
shown Table The analysis may not involve all four loading combinations. 
For example, building vented the winds are not tornadic, the effects 
APC need not considered. 

The result Task the threshold wind speeds for failure each component 
the building. This information used Task establish damage sequence 
for the building. 


TABLE 4.—Typical Damage Sequence (5) 


Threshold 
wind speed, 
miles per 
hour (kilo- 
meters per 
hour) Damage sequence 


(2) 


Exterior door southeast corner building could fail 


Other exterior doors could collapse inward, resulting some wind 
circulation through building; west interior wall Rod Fabrication 
Area could collapse 

Joist anchorage failure occurs along west eave the lab area; 10-ft 
(3-m)-wide strip roof along west wall will tend uplift, but will 
restrained inplane roof truss; joists and roof decking will 
subsequently collapse downward floor 

20-ft (6.1-m)-wide section exterior wall could collapse wall 
corners (except vault) due failure first column from corner 
due formation mechanism parapet beam; this failure 
occurs south wall southeast corner, joists bearing this wall 
(through brackets attached column) and the 20-ft 
section roof will collapse downward 

Exterior walls collapse inward due windward pressures; this 
occurs south wall, joists bearing wall will collapse downward; 
all walls not likely collapse, but rather portions walls would 
affected 

joist anchorage failure could occur, resulting portions 
roof collapsing floor 

these wind speeds, integrity laboratory building expected 
lost; most the walls will collapse along with inplane roof truss; 
vault not likely sustain damage this wind speed 


Damage Sequence.—The result from Task the postulated component failures 
and their associated threshold wind speeds. This information the data increment 
Task These threshold wind speeds are used formulate damage sequence 
which defines the predicted damage building for increasing values wind 
speeds. The damage sequence initially formulated arranging the threshold 
wind speeds for all components ascending order. Engineering judgment, based 
knowledge building performance windstorms, applied define the 


(1) 
(142) 
140 
(225) 
(167) 
(269) 
184 
(296) 
204 
(328) 
231 
(372) 
250 
(402) 
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Probability of exceeding threshold windspeed in 1 yr 


250 300 350 


Windspeed, in miles per hour 
FIG. 1.—Wind Speed Hazard Probability Model for Lubbock Tex. (7) 


progressive failure the building. The relationship between various component 
failures ascertained based the analyses performed Task the procedure. 
typical damage sequence shown Table show the type information 
included. 

necessary establish the probability associated with postulated 
damage sequence, wind speed hazard probability model required. The 
probability occurrence the damage sequence the probability exceeding 
the threshold wind speed one year. typical wind speed hazard probability 


model developed using the procedure outlined Ref. for Lubbock, Tex., 


Two procedures, one subjective and one analytical, can used evaluate 
potential windstorm damage existing buildings. Results these evaluations 
are useful determining the responses the architectural and structural systems 
the building. From the evaluation, areas safety can identified for occupant 
protection and alternate plans for building function the event windstorm 
can formulated. warranted, the architectural and structural systems could 
retrofitted improve their windstorm resistance characteristics. 
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UNIFORM LOADING FOR STEEL-DECK-REINFORCED 
SLABS 


Wayne and Max Members, ASCE 


INTRODUCTION 


Derivation the shear-bond expression for the ultimate strength one-way 
concrete slab elements reinforced with cold-formed steel decking based 
the assumption that the system subjected concentrated loading. cases 
where uniform loads are involved, however, modification the shear-bond 
expression substituting value one-fourth the span length, for 
the shear span, L’, has been recommended (see Refs. and 6). The tests described 
this paper were developed effort substantiate the assumption that 
slab element with concentrated loads the quarter points behaves similar 
manner slab element with uniform loading. 


Description Test 


Six slab elements were constructed with nominal depths and widths 
3/8 in. and 1/4 in. (111.1 and 616.0 mm), respectively. Two the 
slab elements were (2.44 long, two were (3.66 m), and two were 
(4.88 m). Each slab element was constructed with single standard panel 
width steel deck having depth 1.55 in. (39.4 mm). The average measured 
thickness the steel was 0.030 in. (0.76 mm), and the modulus elasticity 
was assumed 29,500 ksi (2.03 10° The deck had average 
yield strength 38.7 ksi (2.66 determined the manufacturer. 

All six specimens were constructed the laboratory utilizing concrete obtained 
from local ready-mix plant. Two batches concrete were required for casting 
the specimens. The and (3.66 and 4.88 specimens were cast 
from the first batch and the (2.44 specimens were cast from the second 
batch. Control cylinders in. in. (152.4 304.8 mm) size, slump 
tests, and modulus rupture beams in. in. in. (152.4 
152.4 914.4 mm) size were made intervals while the concrete was 
being placed. The resulting concrete compressive strengths are shown Table 

Civ. Engrg., lowa State University, Ames, 
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All slab elements, cylinders, and modulus rupture beams were cured under 
wet burlap and polyethlene for seven days, followed air drying until the 
time testing. 

The 8-ft (2.44-m) long specimens were cast with supports only the ends. 
The and (3.66 and 4.88 specimens were cast with supports 
both ends and midspan simulate shoring. 


Description Test 


The method for applying the concentrated loads the slab elements the 
quarter-points shown Fig. The loading was applied two hydraulic 
cylinders mounted structural tubes, beneath the structural tie-down floor. 


TABLE 1.—Concrete Properties 


Length slab element, Age time Average compressive strength, 
feet test, days pounds per square inch 
(2) (3) 


FIG. Cross Section Deck Reinforcement 


Force was applied the test specimens the cylinders acting against the 
tie-down floor and the structural tubes which the load rods were attached 
(see Fig. 2). 

The typical test arrangement for the slab elements that were uniformly loaded 
shown Fig. The uniform loading was applied inflating plastic bag 
which was confined the top surface the test specimen and inverted 
rigid box. The confinement box was held place essentially the same system 
structural tubing and rods that was used for applying the concentrated loading. 
Air was forced inside the plastic bag and monitored both water manometer 
and mercury manometer. The total force the slab element was determined 
observations hydraulic cylinder pressure and checked means strain 
gages attached the vertical tie-down rods. 

Primary measurements taken the specimens throughout each the tests 


4 
4,297 
3,715 
3,784 
1.90% 
0.25" 
0.060" 
0.90 
0.030" 
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were: (1) Vertical deflections midspan and quarter-span points; (2) horizontal 
differential slip between steel deck and concrete the ends the specimen 
(termed end-slip); and (3) strains (via electrical resistance gages) taken across 
the specimen section midspan and quarter-span. 


TEST 
SPECIMEN 


CONCRETE 
SUPPORT 
PEDESTAL 


HYDRAULIC JACKS | 
STRUCTURAL TURES 


FIG. 3.—Cut-Away View Box and Air Bag for Uniformly Loaded Specimens 


The strain measurements were utilized determining the existence composite 
action between the concrete and steel decking. 


Test Proceoure ano 


Concentrated Loaded Specimens.—Due the nature the test setup shown 
Fig. the weight the loading system was applied first. means 
the hydraulic cylinders, load was next applied increments 500 (2,224 
for the first portion the test. When large increases deflection occurred, 


STRUCTURAL 
TUBES 
TUBES 
FIG. 2.—Cut-Away View Concentrated Load Tests 
STRUCTURA 
CONFINEMENT BOX 
CONCRETE 
SUPPORT 
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the loading increment was reduced 200 (889 N), and the beam approached 
failure the increment was reduced 100 (445 N). The load was held 
each level until vertical deflection, end-slip, and strain gage readings could 
taken. most cases, the time interval for each increment load was about 
one minute. 

Uniformly Loaded Specimens.—The confinement box was initially supported 
both ends that cavity approx in. (25.4 mm) depth existed over 
the top the slab element (see Fig. 3). The air bag was then sufficiently 
inflated lift the confinement box from the end supports. this point the 
test specimen was supporting the weight the confinement box and the remaining 
tie-down equipment, and thus this became the first increment loading. Further 
loading increments 500 (2,224 were applied until larger deflections 
occurred, after which the increments were reduced 200 (889 N). The 
200 (889 increments were continued until impending failure, and then 
reduced 100 (445 N). Load was held each increment until end slip, 
vertical deflection, strain gage, and manometer readings could taken. 

Ultimate summary specimen data and ultimate loads given 
Table The specimen designation the first column Table indicates, 
respectively, length specimen, shear span, and type loading. For example, 
the slab element designation 12-35-C indicates 12-ft (3.66-m) long specimen, 
35-in. (889.0-mm) shear span, and concentrated loading. Uniform loading 
indicated the letters UN. 

For both the concentrated and the uniformly loaded specimens, ultimate load 
was accompanied large end slip between steel deck and concrete, followed 
significant reduction load. Additional attempts apply more load resulted 
some increase, but case did the load ever achieve that corresponding 
the previously obtained ultimate failure. all cases the application additional 
load resulted the specimens exhibiting further vertical deflection and end 
slip. 

significant result from the tests that two the uniformly loaded members 
exhibited larger ultimate load than their respective companion members carrying 
two concentrated loads. These were specimens 8-23-UN and 12-35-UN. This 
result was not the case with 16-47-UN, however, its companion, 16-47-C, 
carried somewhat larger load. This latter inconsistency, however, believed 
due depth variations between the 16-ft (4.88-m) test members. 

order better compare the ultimate strengths slab elements that were 
loaded with concentrated loads with those that were uniformly loaded, 
compensation for variations slab depth was necessary. Data obtained from 
previous work (2,4,5) showed that for each in. (25.4 mm) increase depth, 
the experimental shear, increased approx 300 (406.7 N/m) width. 
Table shows the experimental and adjusted shear values based adjusted 
total depth 1/2 in. (110,430 mm) [or adjusted effective depth 3.88 
in. (98.6 mm)]. Based the adjusted values, the uniformly loaded specimens 
carried from 3%-19% more load than did the corresponding concentrated load 
specimens. 

Load-Deflection Behavior.—The load-deflection behavior for the six slab 
elements shown Fig. The figure shows that the deflections for all three 
pairs test specimens corresponded closely. This result expected 
since, according the elastic theory, beam with given load, which 
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uniformly distributed would deflect midspan amount given 


which the modulus elasticity concrete; and the transformed 


TABLE 2.—Summary Ultimate Load Data 


Average 
total 
depth. 


Depth at 
failure 
crack 


Span, L, 
center to center 
of bearings 
in inches 


Weight of 
loading 
apparatus, 
in pounds 
(8) 


Width, 6, 
in inches 
(4) 


Steel 
ratio, p 
7) 
0.00948 
0.00980 
0.01120 
0.01139 
0.01096 
0.01033 


Dung: 
in inches | in inches 
(5) 
45/8 
49/16 
43/16 
41/8 
43/8 
43/8 


Note: | in. = 25.4 mm; | Ib = 4.45 N. 


TABLE 3.—Adjusted Experimental Shears 


Effective 


depth Adjusted 
failure Experimental experimental 
Slab crack, shear, shear, Load ratio, 
element inches pounds per foot pounds per foot UN/C 


(1) 
8-23-UN 


(2) (3) (4) (5) 


8-23-C 
12-35-UN 


12-35-C 
16-47-UN 


16-47-C 
Note: in. 25.4 mm; 1.36 N/m. 


moment inertia. The same beam with the load, applied the quarter-points, 
would deflect midspan amount 


Thus, the beam with concentrated loads the quarter-points would deflect 
10% more than corresponding beam with uniformly distributed load. Fig. 
does, indeed, show slightly greater deflection for the 12-ft (3.66-m) slab 
elements with concentrated loads, compared the companion member 
subjected uniform loading. The and (2.44 and 4.88 specimens 
show almost identical deflection behavior, the other hand, which can 


384 
=\_ 
Shear ultimate ultimate 
Slab span, L’, load. load, P_. 
element in inches in pounds | in pounds 
a) (3) (9) (10) 
8-23-C 92 23 2411/4 750 5,800 6,550 
12-35-UN 140 2411/8 790 4,100 4,890 
12-35-C 140 35 243/16 725 3,300 4,025 
16-47-UN 188 243/16 1,100 1,630 2,730 
16-47-C 188 4 2411/4 1,025 1,900 2,925 
4.36 1,767 1,623 
1.07 
4.22 1,621 1,519 
3.69 1,216 1,273 
1.19 
3.63 996 1,071 
3.77 676 709 
1.03 
384 
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partially explained being due the variation depth the specimens. 
The reloading specimen 12-35-C indicated Fig. was necessitated due 
stability problem with the loading apparatus. 

Table shows measured deflections and computed deflections, based several 
different methods, for each slab element when loaded 50% ultimate load. 
The first theoretical deflection computed using the effective moment inertia, 
given Ref. the following relationship: 


8-FT SPECIMENS 


UNIFORMLY LOADED 
LOADS 


. 


SPECIMENS 


< 
4.0 
[=] 
a 
< 


O 


o 


. 


0.4 0.6 0.8 1.0 
MIDSPAN DEFLECTION, in. 


FIG. Curves for all Slab Elements 


inches*; moment inertia gross concrete section about the centroidal 
axis, maximum moment member stage for which the 
deflection being computed, inch-pounds; and cracking moment, 
inch-pounds. The second theoretical deflection computed using uncracked 
section while the third computed using cracked section. The fourth theoretical 
deflection the average the deflections from the second and third methods. 


The value immediately following the deflection for each method the ratio 


3 
) 
which moment inertia cracked section transformed concrete, 
7.0 
PA 
A om 
4 
64 
A 
4 
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that computed deflection the measured deflection. 

examination the computed deflections shows that those based 
simple average the uncracked and the cracked sections the best predictor 
TABLE 4.—Measured and Computed Deflection 1/2 

Slab Calculated Values, inches, based 
(1) (2) (3) (4) (5) (6) 
8-23-C 0.053 0.039 /0.74 0.101/1.91 
12-35-C 0.23 0.367/1.59 0.170/0.74 1.66 
16-47-C 0.36 0.631/1.75 0.276/0.77 0.631/1.75 0.454/1.26 
Note: in. 25.4 mm. 
1000 
STRAIN 
STRAIN 
500 
SHORE MOM 
REMOVAL 
CONCRETE 
MOM 
SHORE 
REMOVAL 
CONCRETE 
1000 PLACEMENT ULT MOM 
CONCRETE 
PLACEMENT, ULT MOM 
MOMENT, in-k 
FIG. 5.—Relationship between Strain and Bending Moment for all Slab Elements 
deflection 1/2 which approximately equal the allowable service 
load. 
Bending Strain Behavior.—The relationship between bending strain the 
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bottom fiber steel deck and applied moment midspan shown Fig. 
Strain gage readings taken shore removal provided incremental strain, 
which, when added the computed strain concrete placement resulted 
the experimental values shown for the and members. the case 
the member, which did not have shoring, the first strain gage reading 
was taken the time the first test-load increment. The corresponding strain 
increment was added the computed strain concrete placement give 
the strain first load increment. The linear character all the strain-load 
relationships indicates significant degree composite action ultimate 
load. 

Cracking shows the major cracks and their location 
each the six specimens and the end which end slip occurred. The 
figure shows that the major cracks each concentrated loaded specimen occurred 
near the load point (one-fourth point), while major cracks the uniformly 
loaded members occurred near the one-third-point the span. 


Anatysis 


Porter, al. (4) have determined that the best relationship for predicting 
shear-bond capacity 


The terms and units Eq. are defined follows: ultimate computed 
shear based shear-bond failure pounds per foot width; capacity 
reduction factor, usually taken 0.85. (3); width slab, taken 
in. (304.8 mm); effective slab depth, inches; spacing shear transfer 
devices other than embossments, inches; reinforcement ratio, 
length shear span, inches; slope linear regression line; 
concrete compressive strength, pounds per square inch; intercept 
linear regression line; and area steel deck cross section, inches 
per foot width. 

For all deck sections particular profile where the shear transferring device 
fixed pattern such embossments, the spacing Eq. ignored 
simply taken unity was done this study. For further discussion 
the spacing term, one may consult Ref. 

Eq. for slab elements subjected concentrated line loads distance 
(see Fig. from the center line supports. Since the majority design 
conditions utilize uniform rather than concentrated loads, slight modification 

For uniformly loaded systems, may taken one-quarter the 
span length. The basis for this assumption the equating areas the shear 
diagram for concentrated versus uniform load cases now demonstrated. 

Fig. shows shear diagrams for concentrated and uniform load cases. The 
area the left-hand portion the shear diagram Fig. 7(a) 
and the area under the shear diagram Fig. 7(b) Equating Figs. 

The preceding comparison Fig. 7(a) and Fig. for the same tota! 
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loads provides for equal end shears and equal center-span moments. The 
previously shown corresponding deflections are only 10% greater midspan 


8-23-UN 


126 3/4 


16-47-C 


END 
SLIP 


Note: All are given inches. 


FIG. 6.—Crack Locations for all Slab Elements in. 25.4 mm) 


UNIFORM (b) CONCENTRATED 


FIG. 7.—Uniform and Concentrated Load Application 


for the concentrated load case than for the uniform load case (see Eq. versus 
Eq. 2). several concentrated loads exist, the designer may elect treat 
the system equivalent uniformly loaded beam. 
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Combinations uniform and concentrated load systems may require special 
attention for the proper selection the distance. certain instances, the 
loading combination may require tests determine the proper for use 
Eq. lieu tests, the finding equivalent based equating shear 
areas may suffice give approximate for the most common load 
combinations. The proposed procedure for obtaining distance for the 
combination uniform load and concentrated midspan shown 
Fig. The shear area for case 


whereas the shear area for case 


Replacing the term with and equating the expressions for the 
shear areas yields 


The foregoing equation applies for the range L/4 L/2 for various 

Before incorporating the given procedure for determining equivalent shear 
span, L’, into design recommendations, further experimental verification 
required utilizing various combinations uniform and concentrated loads. 

Substituting for L/4 Eq. results the following form the 
recommended design equation 


LOAD 
DIAGRAM 


CASE 


FIG. 8.—Uniform Load Combination with Single Concentrated Load Placed 
Midspan Compared with Two Concentrated Loads 


w Po P, 
wt 
CASE 


REINFORCED SLABS 


which the span length, inches. 

linear regression between the values and pd/L’ shown 
Fig. for each the uniformly loaded and concentrated loaded series 
specimens. Fig. shows that and exhibit fairly linear behavior for 
the concentrated and the uniformly loaded series, respectively, and thus are 


UNIFORMLY LOADED SPECIMENS UTILIZING 
L/3 


SPECIMENS WITH CONCENTRATED LOADS 


EXPERIMENTAL VALUES FOR SPECIMENS WITH 
CONCENTRATED LOADS 


EXPERIMENTAL VALUES FOR UNIFORMLY LOADED 
SPECIMENS 


0.2 


FIG. 9.—Strength Relationship between Parameters and pd/L’ 


valid for predicting the ultimate shear capacity the slab elements tested. 
The coefficient correlation was determined 0.985 for the concentrated 
load series and 0.912 for the uniformly loaded series. 

Also shown Fig. linear regression line which results from setting 
equal L/3 and substituting into Eq. instead L/4. This L/3 
substitution was tried since (as was previously stated) the main failure crack 
the uniformly loaded series occurred approximately the L/3 point. 
may seen Fig. there excellent agreement between the concentrated 
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and uniformly loaded series when set equal L/4 and not good 
agreement when set equal L/3. Thus, based the six specimens 
tested, the shear-bond regression formulation utilizing L/4 appears valid 
for uniformly loaded specimens. 


The test results from three uniformly loaded slab specimens and three nearly 
identical slab specimens with quarter-point concentrated loading yielded the 
following conclusions: 


The shear-bond regression analysis reasonably valid for uniformly loaded 
well concentrated loaded specimens. 

The replacement the ultimate strength shear-bond relationship 
for conversion uniformly loaded cases with value L/4 was verified 
and found give better prediction the specimen strength than value 
L/3. 

Conservative prediction deflection 50% ultimate (which approxi- 
mately equal expected service load) can obtained averaging the calculated 
deflections based cracked and uncracked moments inertia. 
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The following symbols are used this paper: 


area steel deck, square inches per foot 
width; 
width slab element, taken in.; 
indicates specimen subjected concentrated line loads; 
c.g.s. gravity steel deck; 
measured average depth slab element specimen, 
inches; 
measured depth slab element specimen taken the 
failure crack, inches; 
effective slab element depth measured from extreme compression 
fiber c.g.s. steel deck, inches; 
effective slab element depth measured from extreme compression 
fiber c.g.s. steel deck taken the failure crack, inches; 
modulus elasticity concrete, pounds per square inch; 
compressive strength concrete, pounds per square inch; 
moment inertia transformed composite concrete section, 
inches* per foot width; 
moment inertia transformed composite concrete 
section, inches* per foot width; 
effective moment inertia transformed composite concrete 
section from Ref. inches* per foot width; 
gross moment inertia composite cross section, inches* 
per foot width; 
moment inertia transformed composite concrete 
section, inches* per foot width; 
intercept linear regression line for shear-bond strength deter- 
mination; 
applied moment, inch-pounds per foot width; 
moment cause cracking concrete composite section, 
inch-pounds per foot width; 
slope linear regression line for shear-bond strength determination; 
total computed applied load, pounds; 
ultimate total applied experimental load, pounds; 
spacing shear transfer devices, inches; 
V,, computed shear capacity, pounds; 
ultimate experimental shear, pounds; 


total supplied load, pounds; 
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uniformly supplied load, pounds per foot; 

deflection, inches; 

calculated deflection based upon cracked transformed section 
properties; 

calculated deflection based upon uncracked transformed section 
properties; 

reinforcement ratio, and 

capacity reduction factor. 
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ABUTMENT- THERMAL INTERACTION 
COMPOSITE BRIDGE 


major factor the movement bridges temperature change. Temperature 
change induces thermal stresses unless the structure homogeneous, free 
restraints, and constant temperature, nonexistent conditions for composite 
design structure. Thus, designers try anticipate structural behavior, and attempt 
provide for structural movements using variety supporting and expansion 
devices (5). 

Field observations show that these attempts are very often unsuccessful 
(27,28,30). Abutment movements caused compaction, settling, shifting 
approach fill, growth expansion approach slabs, and supporting 
and expansion devices are common observations. The significance the 
combined effect the resultant stresses and thermally-induced stresses often 
manifested variety types bridge distress. Some investigators have 
reported that thermally-induced stresses composite design structure can 
reach 30-40% the design strength 

One design which has become popular recent years eliminates expansion 
devices connecting the superstructure flexible substructure with either 
pinned integral connections the abutments. Thus, the entire bridge moves 
single unit. with structures with expansion type supporting devices, 
the approach slabs bind the abutments, large external force the ends 
the structure may result when the approach slab and the structure both 
expand result increasing temperatures. 

Thermally-induced stresses have been the subject number investigations 
the past several years 
31). Those conducted Australia, New Zealand, Europe, and Canada have 
principally been concerned with concrete box-girder bridges rather than with 
concrete-steel composite bridges. Although the heat transfer analysis similar 
for the two types construction, the determination strains and stresses 
much more complex for composite design structure. 

Civ. Engrg., Univ. Missouri-Rolla, Rolla, Mo. 65401. 

Asst. Sr. Engr., Mobil Research and Development Corp. Dallas, Texas. 

Note.—Discussion open until April 1982. extend the closing date one month, 
written request must filed with the Manager Technical and Professional Publications, 
ASCE. Manuscript was submitted for review for possible publication October 1980. 
This paper part the Journal the Structural Division, Proceedings the American 
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Because the increased usage bridge structures supported flexible 
substructures, and the concern design engineers regarding bridge behavior 
and induced stresses associated with bridges this type, study was conducted 
the University Missouri-Rolla explore the feasibility developing rational 
design criteria for bridges with semi-integral end bents. was concluded that 
development rational design criteria for bridges with semi-integral end bents 
feasible, but the anticipated cost precluded continuation subsequent phases 
fruition desired (6). However, subsequent rigorous studies (7,8,16,17) 
investigated thermally-induced stresses from theoretical standpoint. later 
investigation correlated experimental results obtained from model test structure 
subjected thermal loading with calculated values obtained from the theoretical 
approach, and provided substantiative data toward acceptance the theoretical 
procedure the development rational design criteria (9,30). 

This study and current on-going study were initiated extend the areas 
experimental-theoretical correlation, utilizing the test structure the prior 
investigation. The objective this study was develop correlative experimen- 
tal-theoretical data the combined effect approach slab thrust and thermal 
loading by: (1) Restraining the abutments the two-span laboratory test structure 
with tie rods, simulating approach slab thrust; (2) subjecting the structure 
thermal loading; and (3) correlating the experimental results with calculated 
values obtained utilizing the theoretical study. 


Test Structure 


The test structure utilized was in. (114 cm) wide ft-15 (4.6 
m-4.6 two-span continuous composite-design bridge constructed for prior 
investigation conducted the Civil Engineering Structural Laboratory the 
Engineering Research Laboratory, University Missouri-Rolla (9,30). curved 
steel plate and pintle bearing was used the pier, and integral abutments were 
used the ends. The structure was designed and constructed adequate 
rather than true model. 

The abutment assembly consisted in. 1/2 in. (152 mm) 
steel-plate pile cap welded three in. 1/2 in. in. (130 
pile cap was bolted the substructure stringers, the abutment assembly simulated 
integral stub abutment with flexible piling. 

The pier group was composed three in. (51 mm) diameter 1/2 
in. (1,930 mm) long standard pipe sections spaced in. (510 mm) center 
and welded in. 1/2 in. (305 mm) base plate anchored 
the floor. in. 1/2 in. mm) plate was used pier 
cap. The pier simulated cantilever beam fixed the existing floor. The cantilever 
simulation for the pier agrees with the fact that the field most piers have 
relative point fixity and the portion above this point acts cantilever. 

The superstructure was composed three 4.4 steel stringers spaced 
in. (510 mm) center, with 1.5 in. (38 mm) thick reinforced concrete 
deck. Ten sets 5.4 channels were used for the diaphragms, shown 
Fig. Shear connectors consisted 3/8 in. (10 mm) diameter 7/8 
in. (22 mm) studs spaced in. (102 mm) center, except for high tensile 
zones. 
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The reinforced concrete deck was limited depth 1.5 in. (38 mm) 
prevent the deck from becoming too stiff relation the stringers. Two layers 
16-gauge 5/8 in. (68 mm) longitudinal in. (51 mm) transverse galvanized 
welded wire mesh were selected for the reinforcement. The top layer mesh 
was positioned 1/4 in. mm) from the top the finished deck, and the 
lower layer was set 1/4 in. (32 mm) from the top the deck. 

The concrete mix was composed 20.6 (91.7 water, 34.6 (154 
cement, 68.0 lbf (303 sand, 68.0 (303 (3/8 in. (10 mm) nominal 
maximum size) crushed limestone, and air entraining agent. The concrete 
had day compressive strength 4,400 psi (30,316 kPa) and air content 

Four 1/4 in. (32 mm) diameter (9.1 long steel rods were used 
simulate approach slab thrust the abutments. These rods were anchored 
four 1/2 in. (38 mm) diameter in. (152 mm) long tubes welded 
the abutment caps in. (381 mm) centers. The dead load the rods was 


2 in. | 38 Spaces at 4 in. 52 in. 38 Spaces at 4in. [2 in. 


£ 


PLAN VIEW 


Diaphragms 


SECTION A-A 


FIG. 1.—Steel Layout in. 25.4 mm) 


supported two wooden supports the third points the rods. assure 
uniform seating and symmetrical loading from the rods, the rods were uniformly 
pretensioned specified force. The rods were threaded the ends and 


thus pretensioned sequential nut tightening immediately prior each load 
sequence. 


INSTRUMENTATION 


Instrumentation was installed record temperatures, strains, and displace- 
ments selected points the structure. achieve this, thermistors, electrical 
resistance strain gages, and dial indicators were used. Data recording equipment 
consisted four 10-channel Automation Industries Model switch and 
balance units connected Automation Industries Model P-350 strain indicator, 
10-channel Baldwin-Lima-Hamilton Model 225 switch and balance unit connect- 
Baldwin-Lima-Hamilton Model 120C strain indicator, 8-channel Strain 


24in |24in|24in |24in 54 in. 54 in. |24in. 
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Sert switch, balance, and strain indicator, and 100-channel thermistor stepping 
unit connected digital voltmeter (Dana Model 5400). 

Two types carbon-steel temperature-compensated SR-4 strain gages were 
used. The first type was Micro-Strain Model 6C-2 2-120 with gage 
factor 2.05, resistance 120 ohms, grid size 1/4 in. 1/4 in. (6.4 
6.4 mm) and overall size 3/8 in. 5/16 in. (9.5 7.9 
mm). The second type strain gages was Baldwin-Lima-Hamilton Model 
with gage factor 2.06, resistance 120 ohms, grid 
size 1/8 in. 9/32 in. (3.2 7.1 mm), and overall size 9/16 
in. 1/4 in. (14.3 6.4 mm). The Micro-Strain gages were used 
the bridge structure, while the BLH gages were used the rods connecting 
the abutments. 

The adhesive used for the Micro-Strain gages was Micro-Measurements 
M-Brand two-part epoxy. This epoxy exhibits essentially creep-free 
performance 200° (93° when cured temperatures 25° (4° greater 
than maximum operating temperatures. The adhesive used for the BLH gages 
was Micro-Measurements M-Brand AE-10 two-part epoxy, adequately cured 
room temperature for this application. 

Fenwal Uni-Curve No. UUA thermistors were selected for the temperature 
sensors. These thermistors are epoxy encapsulated, temperature sensitive resis- 
tors with maximum spherical diameter 0.095 in. (2.4 mm), resistance tolerance 
percent, and temperature tolerance +0.4° (0.22° over range 
30° (—1.1° C-79° C). Actual temperature values were obtained from 
observed values computer reduction utilizing logarithmic equations. 

two-part, metal filled epoxy was used attach the thermistors their 
base locations order provide better heat conduction from the base material 
the thermistor. 100-channel stepping unit interfaced the thermistor leads 
digital voltmeter. Observed values were hand-recorded. 

Transducers embedded the deck measure strain and temperature were 
fabricated mounting strain gage and thermistor glass microscope slide. 
Beeswax was used waterproof and protect the strain gage and two-part, 
steel-filled epoxy was used attach the thermistor the slide. The in. 
0.53 BTU/hr-ft-°F (0.92 W-m-°C), and Young’s Modulus 10,300,000 
psi (71,000,000 kPa), were selected because the similarity their thermal 
conductivity and coefficient thermal expansion that the concrete. Slots 
were cut the sides the slides provide better mechanical bond 
the deck concrete. 

For confirmation uniaxial stress and uniform temperature gradient, four 
strain gages, equally spaced around the perimeter, and two thermistors, the 
top and bottom surfaces, were mounted each abutment tie-rod. 

The total longitudinal deck deflection and the vertical deflection the midspans 
were recorded using dial indicators with least count 0.001 in. (0.025 
mm). The indicators for vertical deflection were mounted wooden standards, 
whereas the indicators the abutments were attached metal channels that 
were rigidly attached the sandbox frame. 

Instrumentation Orientation.—Five locations were chosen for the placement 
the transducer groups, shown Fig. Two groups were distributed 
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through the deck midway between the stringers, and the other three groups 
were placed and immediately over the center stringer. Both thermistors and 
strain gages were used each group. Slab transducers consisted glass 
microscope slide, strain gage, and thermistor shown Fig. 

Induced strains were read the top, bottom, and four intermediate points 
the slab and the top and bottom the stringer Locations and 
Locations and midway between the center and outside stringers, 
slab transducers were placed in. (101 mm) wide in. (229 mm) long 
cantilever temperature-reference bars enclosed the two sides and the end 
1/2 in. (13 mm) thick flexible styrofoam. Wire mesh was omitted these 
bars that the concrete could expand freely under unrestrained thermal 
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FIG. Transducer 


expansion. The styrofoam produced essentially resistance small expansive 
movements and provided insulation between the boundaries. 

Instrumentation Locations and were sections along the center stringer. 
noted previously, strain gages and thermistors were placed six points 
vertically through the deck slab. The sixth, lowest point, was the interface 
between the slab and the stringer, and this point two gages and one thermistor 
were attached the top the stringer flange. Seven thermistors were evenly 
spaced down the stringer web, and two were attached the bottom flange, 
one the outer edge the flange and the other directly beneath the web. 
Strain gages mounted the top and bottom flanges were spaced 1/4 in. 
mm) each side the centerline the flange. typical plan view and 
elevation this instrumentation are shown Fig. The slab transducers 
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FIG. 4.—Slab and Stringer Instrumentation in. 25.4 mm) 


were staggered avoid excessive congestion and placement problems. 

Each abutment tie-rod was instrumented with four strain gages placed equally 
around the perimeter the rod, and two thermistors placed the top and 
bottom the rod, allow confirmation uniaxial stress and uniform 
temperature gradient. This entire instrumentation group was placed (4.3 
from the north abutment the bridge. 

Dial indicators with least count 0.001 in. (0.025 mm) were used measure 
the vertical deflection the center stringer midspans (Locations and 
and the longitudinal deck displacements each abutment. The total deck 
movement the bearing elevation was obtained summing the abutment 
displacements. 

Two thermistors were also positioned in. and in. (51 and 305 
mm) above the top the deck and two in. and in. (305 and 
762 mm) below the deck give indication the still air temperature and 
thermal gradients around the bridge. 


Heat Source.—Radiation heating from 120 General Electric model 250R40 (250 
watt) infared reflector heat lamps was used thermally load the test structure. 


ABUTMENT THERMAL INTERACTION 2117 


The lamps were placed four rows along the length the bridge and were 
spaced in. (305 mm) center-to-center both longitudinally and transversely 
for uniformity approximately 150° (65.6° C). Alternate rows were staggered 
in. (152 mm) provide more uniform radiation level. The bulb faces were 
placed in. (508 mm) above the deck accordance with the manufacturer’s 
recommendation that the distance the lamp from the heated subject 
least 1.6 times the lamp spacing for uniform radiation distribution. Radiation 
heating was chosen rather than constant temperature source, because was 
simpler and approximated actual field conditions imposed the sun. 

The lamps were divided into five circuits, each with Variac 
transformer vary the thermal loading. The 115-volt lamps were connected 
series pairs split the 240-volt transformer output. These pairs were 
then connected parallel complete transformer string. The voltage drop 
through the wires was less than one percent because the transformer leads 
were connected the center bulb string. All leads and couplers consisted 
12-gauge wire. 

obtain uniform heat flux, the outside circuits required higher voltage 
input than the interior circuits because the overlap radiant energy along 
the edges was not pronounced the center. 

check the uniformity the heat flux, heat receptor was fabricated 
painted flat black the upper face. Thermistors were placed both faces, 
and the bar was encased styrofoam prevent the loss heat from the 
sides and limit the convection the top and bottom surfaces. The painted 
side was exposed the radiation and the opposite face ambient air. The 
uniformity radiant energy was checked observing the steady state tempera- 
tures the receptors when placed different points the bridge deck. Voltages 
were then adjusted necessary give uniform heat flux. 

Testing Procedure.—Before each testing cycle, the laboratory was sealed 
eliminate any outside drafts—heating and air return ducts sealed, door cracks 
taped, and outside openings covered with plastic. Thus, the only source 
forced convection would air currents caused either thermal gradients 
above and below the test structure which develop into cyclic draft result 
the laboratory’s high ceiling, cross currents which develop between 
the warm and cool ends the large laboratory. 

test cycle then consisted the following sequential steps: 


All strain gages and dial indicators were and the bridge and 
ambient air thermistor readings recorded for use the reference temperatures 
zero strain. 

Each the four rods was tensioned uniform tensile strain equal 
the thermal elongation which would result solely from the temperature change 
the rods during the test, and strain gage readings recorded for possible future 
reference. The force the rods initially varied during the test, decreasing 
the shaded rods elongated when their temperature increased, increasing 
result the larger differential movement the superstructure (subjected 
greater heat flux), and eventually reaching constant force under steady-state 
gradients. The computer program for calculation the theoretical values could 
accommodate the elastic spring modulus the tie rods, but not the simultaneous 
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action the thermal-variable prestress force. equating the initial strain 
with the thermal strain, uniform initial seating rod-force could applied, 
and the resultant structural response the restrained test structure thermal 
loading could obtained from the original (Step and the final steady state 
conditions. 

The transformers were turned and each circuit adjusted until uniform 
heat flux was produced the deck. Uniformity was checked observing 
the temperature gradients the receptors when placed different locations 
the bridge deck. 

When steady state temperatures were achieved after approximately ten 
hours heating, strain gage, thermistor, and dial indicator readings were 
hand-recorded. Recorded values included longitudinal strains and temperatures 
previously described points the stringer and the slab, strains the 
base the pier determine any lateral movement the top the pier, 
lateral displacements the abutments, vertical displacements the midspans, 
and ambient temperatures above and below the deck. 

After all data were recorded, the heat lamps were turned off, the rods 
were loosened, the structure was allowed cool room temperature, and 
strain, thermistor, and dial indicator readings were recorded for comparison 
cyclic action and instrumentation drift. 


Temperature.—Conversion thermistor readings temperature would 
generally accomplished the use manufacturer supplied conversion 
graph table. this instance, the internal resistance the 100-channel stepping 
unit, needed interface the large number thermistors, precluded the reading 
thermistor output ohms. Thus, the output was read millivolts, equations 
were developed for ohm-°C conversion 20° (11° temperature increment 
ranges, and computer program was written and used for conversion millivolts 
ohms, ohms °C, and °F. 

Strain.—Reduction observed data obtained from the carbon-steel, tempera- 
ture-compensated SR-4 strain gages required correction for apparent strain, 
self-temperature-compensation (STC) mismatch, and compensated (nonindicated) 
thermal strain. 

Theoretically, steel-temperature-compensated gage attached unres- 
trained steel specimen should indicate strain when subjected temperature 
change (20,21). However, changes the electrical resistance properties the 
gage, caused external temperature change, internal heating, and small dif- 
ferences material between the gage and specimen, will produce indicated 
apparent strain. The electrical resistance-apparent strain relationship shown 
graphs furnished the gage manufacturer for data reduction. 

STC mismatch the indicated thermal strain produced the difference 
thermal coefficients expansion when self-temperature-compensated gage 
mounted unrestrained specimen having thermal coefficient expansion 
other than that for which the gage compensated. 

Compensated, nonindicated, thermal strain the unit thermal strain which 
would induced unrestrained specimen subjected temperature change, 
AY, the product the thermal coefficient expansion and the change 
temperature. 
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Also included the observed (indicated) strain the effect any restraint 
free movement the specimen. The combination apparent strain, STC 
mismatch, and compensated strain, coupled with varying degrees restraint, 
combine provide solutions such problems as: (1) The experimental deter- 
mination the coefficient thermal expansion (1,20,21); (2) The determination 
strain without stress (unrestrained movement, but very little observed (indicat- 
ed) strain); (3) stress without strain (totally restrained movement, but large 
amount observed (indicated) strain); and (4) stress induced partial restraint. 
should noted that one may find the term ‘‘apparent used express 
any all the terms discussed above. 

computer program was developed and used for conversion observed, 
recorded, strain actual, thermally induced, strain. Initial and final dial 
indicator readings were reduced and combined provide point deflections and 
overall structural movement. 


INVESTIGATION 


Temperature Distribution.—Consistent, repeated-test results were obtained. 
Temperature profiles fell with band shown the typical 
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FIG. 5.—Experimental Temperature Profiles 


experimental profiles Fig. The difference between the north and south 
midspan profiles was less than (0.6° C). These profiles were used input 
for computer calculation theoretical strains. shown Fig. the temperature 
varied from 147° the top surface the deck, 125° (52° 
the bottom the deck, and 111° (44°C) the bottom flange the 
stringer. 

Ambient temperatures were 114° and 111° (44°C) in. (51 
mm), and in. (305 mm), respectively, above the deck surface. Below the 
deck, ambient temperatures were 85° in. (305 mm) and 84° 
(29° in. (762 mm). Ambient temperatures greatly affect temperature 
profiles. still day, the ambient air temperature lies somewhere between 
the surface temperature the deck and the temperature some distance away 
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from the structure. the laboratory, with the deck surface 60° F-80° (33° 
44° warmer than the air some distance away from the structure, the 
ambient air temperature above the deck was approximately the average the 
surface temperature and that the surrounding air, and the ambient temperature 
beneath the deck was 15° F-20° (8° C-11° above that the surrounding 
air. 

Strain previously discussed, the observed strains included 
apparent strain, STC mismatch, and the effect tie-rod, abutment, and pier 
restraints. The apparent strain correction function temperature, and 
usually assumed linear function within certain temperature ranges. For 
the tie-rod gages, the correction ranged from zero 75° (24° —65 micro 
strain 150° (66° C). The apparent strain correction for all the other gages 
ranged from zero 100° —100 micro strain 200° (93°C). 
computer program was developed for reduction the observed strain actual 
thermally-induced strain, taking into account the apparent strain, STC mismatch, 
nonindicated compensated strain, and resistance effect. 
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Compensated 


Strains for repeated tests fell within narrow band width, similar that 
for the temperature profiles. The slight difference between the north and south 
midspan strains shown Fig. 

the prior study (9,30), some consistent erratic strains were apparent 
the slab. Data obtained from instrument Group located in. (305 mm) 
south the pier, were not plotted because several gages were unstable 
inoperative. 

The strain profiles show negative curvature (lengthening top deck fibers 
greater than bottom flange fibers) the midspan locations, and valid data 
from instrument Group indicate positive curvature the pier. These relation- 
ships are compatible with the temperature profiles (the top the section warmer 
than the bottom) and the superposition abutment-slab thrust. 

There was differential strain the base the pier, which indicates that 
longitudinal displacement occured the bearing elevation the pier, thus 
resulting symmetrical longitudinal displacements about the center the 
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structure. This symmetrical action was substantiated the dial indicator readings 
0.04 in. (1.02 mm) each abutment that were virtually identical for each 
test. 

From the data obtained from the cantilever sections instrument groups 
and the coefficient thermal expansion the concrete was determined 
(6.3 determined the prior investigation, reflects the age effect 


(approximately yr) and other factors influencing the thermal coefficient 
expansion (1,20). 


TABLE 1.—Material Properties 


Property Concrete 


(1) (3) 
Young’s modulus 29.0 10° psi 4.5 10° psi 
(20.0 10’ kPa) (3.1 kPa) 
Poisson’s ratio 0.3 0.18 
Coefficient thermal expansion 6.5 4.1 


Theoretical Experimental 
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Vv South Midspan 

o Plane Strain 

Midspan 

Plane Stress 
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DEPTH CROSS-SECTION 


UNIT STRAIN 


FIG. and Experimental Strain Profiles Midspans 


The experimental temperature profiles were used with the previously described 
procedure Emanuel and Hulsey (7), and the computer program developed 
Hulsey (16), obtain the theoretical strains and stresses. The material 
properties shown Table were used calculate the theoretical values 
Fig. 

The theoretical and corrected experimental midspan strains are compared 
Fig. the prior theoretical (16) and experimental (9,10,30) studies, three 
theoretical cases were analyzed: (1) Both the slab and the beam plane stress; 
(2) the slab plane strain and the beam plane stress; and (3) the slab 


some state between plane stress and plane strain (partially restrained), and the 
beam plane stress. 


Value 
200 300 
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For the slab, the closest agreement between experimental and theoretical 
strains for Case the slab plane strain and the beam plane stress; 
whereas for the beam, the closest agreement for Case the slab some 
state between plane stress and plane strain (partially restrained) and the beam 
plane stress. 

The observed theoretical vertical deflection midspans, and the horizontal 
deflections the abutments were reasonable agreement, i.e., within 15%. 
The observed values were slightly larger than the theoretical values for the 
vertical deflections, and slightly lower for the horizontal deflections. Part 
this difference may explained the fact that the theoretical modeling 
the bridge, the pier was assumed resist uplift the superstructure. Although 
there was measurable vertical deflection the pier, the curved steel rocker 
and pintle provided upward restraint. Also, the negative moment induced 
the abutments the tie-rods increased the negative chamber the midspans, 
and may have offset some dead load deflection the pier. distorted line 
diagram superstructure deformation shown Fig. 

The theoretical procedure uses the interaction longitudinal, transverse, and 
vertical strains, and Poisson’s ratio determination stress, which longitu- 
dinal strain the major parameter. Thus, prediction stress based the 


FIG. 8.—Distorted Line Diagram Relative Thermally Induced Superstructure Deflec- 
tions 


experimental observations the investigation not possible. However, because 
the close correlation the experimental and theoretical midspan strains, 
theoretical stresses calculated from the observed midspan and pier temperature 
profiles are believed valid and are presented Table 

Immediately prior installation the tie-rods, the test structure was subjected 
several cycles thermal loading, duplicating closely possible the 
maximum power level the prior study (30), and the experimental data recorded. 
This provided data bank for comparison the effect the tie-rods this 
study, and the effect the change modulus elasticity and coefficient 
thermal expansion from those the prior study. Again, because the 
close correlation the theoretical and experimental (corrected) strains, compari- 
son theoretical stresses believed valid. 

With the tie-rods place, the compressive stress the top the deck 
for Cases and ranged from 1.7-3.5 times the no-tie-rod condition 
both the pier and midspans. The compressive stress the top the stringer 
increased factor approximately 1.4, and the tensile stress the bottom 
the stringer decreased factor approximately 2.3. 

compared with the prior study, having smaller modulus elasticity 
and thermal coefficient expansion, the compressive stress the concrete 
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the top the deck (no-tie-rod condition) increased factor approximately 
2.5 and the concrete stress the bottom the deck doubled. The compressive 
Stress the top the stringer and the tensile stress the bottom the 
each decreased, factor approximately 1.7 and 1.1 1.4, 
respectively. 

discussed the prior study, integral abutments, contrasted with roller 
supports, introduce the following effects: the substructure stiffness increases, 
changes the longitudinal stress patterns result from the interaction axial 
(P/A) and flexural stresses produced the resistance movement 
the abutments. midspans, the primary influence My/I superposition 


TABLE 2.—Theoretical Stresses 


Case 


pounds per pounds per pounds per 

square inch square inch square inch 

Location (kilopascals) (kilopascals) (kilopascals) 
(1) (2) (3) (4) 


Midspans 


Top slab —257.9 
Bottom slab —28.9° 89.5° 
(182.6) (616.7) 
stringer (—28,882.9) 
stringer (12,546.7) (4,113.3) 
Pier 
Top slab —281.1 
(—2,046.3) 
(178.5) (—204.6) (611.1) 
stringer (—24,314.8) (—28,924.2) 
Bottom 270.6 1,167.0 
stringer (1,864.4) (16,356.9) (8,040.0) 


“Maximum the three cases. 
Magnitude too small significant. 


from moment that induces positive curvature, caused the resistance 
the abutment (piling) rotation the superstructure. 

this study, the approach slab (tie-rod) thrust, being below the neutral axis 
the composite section, induced negative curvature superposition. 
However, because the proximity the neutral surface the deck slab, 
the compressive P/A stress, being greater than the negative My/I curvature 
effect the slab, produced resultant compressive increase the top 
the deck the midspans. the bottom the stringers, the P/A and 
stresses, both being compressive stresses, were additive, producing decrease 
tensile stresses the midspans and pier. 
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Based the correlation consistent experimental readings and calculated 
theoretical values, the following conclusions were reached: 


The theoretical procedure adequate for reasonable prediction 
abutment-thermal interaction composite-girder bridge structures subjected 
thermal loading. 

The theoretical longitudinal curvature somewhat smaller than that ob- 
served. This believed result the assumption that there vertical 
deflection the abutments pier. 

The observed and theoretical longitudinal strain are reasonable agreement. 
Resultant stresses the test structure, which are functions longitudinal, 
transverse, and vertical strains, can expected parallel the theoretical values. 

For the slab, the closest agreement between experimental and theoretical 
strains for Case the slab plane strain and the beam plane stress; 
whereas for the beam, the closest agreement for Case the slab some 
state between plane stress and plane strain (partially restrained) and the beam 
plane stress. 

The interaction externally applied abutment forces may increase thermal- 
ly-induced stresses the slab and stringer significant amount, this 
instance the allowable compressive stress the concrete and 
19% the allowable compressive stress the steel the midspans. 


Further substantiation and modification from field testing prototype structure 
develop rational design criteria for thermal behavior are desirable and feasible. 


RECOMMENDATIONS FOR 


During the course any investigation, questions arise the result the 
research. Some these questions are resolved, but many are beyond the scope 
the study and remain unanswered. The following topics could immediate 
practical value the development rational design procedure that would account 
for thermal behavior bridge structures and should explored: 


Development theoretical program capable taking into account the 
interaction bridge weight and upward movement the piers. 

Cyclic cooling the bridge deck well below freezing temperatures. 

study the effect diaphragm and beam-slab action differential 
stringer deflection and torsional stringer rotation. 

study the effect shear connector continuity, discontinuity 
beam-slab interaction, both. 

Correlation experimental laboratory and field prototype temperature 
profiles. 

determination the thermal coefficient expansion reinforced 
concrete bridge decks, based the percentage reinforcing steel. 

Astudy the probabilistic combinations loading, including 
loadings, and their relative effect structural behavior. 
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FLOATING MAINTENANCE 


and Ramiah 


Floating bridges prove attractive structures deep-water crossings. 
drawspan device often necessary allow the transit large ships. The 
mechanical features such drawspans suffer cumulative damage storms 
which may lead failure. example this situation the four-lane Evergreen 
Point Bridge across Lake Washington. Much its 7,518 (2,293 length 
floating structure pierced 200 (61 drawspan, shown Figs. 
and order maintain straight road alignment, the drawspan opened 
the vertical lift the side span Fig. 3), and the longitudinal motion 
the drawspan and Fig. into the vacated space. Fig. view 
this process. These motions are controlled trunnions, and closed pontoon 
ensured locks. these trunnions and locks, together with their holding 
devices, that suffer damage storms such the one shown Fig. 

This paper reports the study the mechanical features the Evergreen 
Point Bridge drawspan. particular, the complete results for the vertical trunnion 
anchor rods provide examples for the establishment maintenance program 
and orderly changes designed details. The report begins identifying the 
parts involved and the design the study, and then the field and 
laboratory experiments with their relevant analyses. These results lead 
prediction structural life and proposed maintenance program. The results 
also suggest detail changes the trunnion rods. the light their experience 
with these original details, the Washington State Department Transportation 
has made such changes. The redesigned members were also tested and the 
anticipated improvement fatigue life reported. 
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Parts 


Fig. shows the moving parts the drawspan. The operation requires the 
raising two 105 (32 steel grid decks 7.2 (2.2 allow the 
longitudinal movement drawspan pontoons into the vacated spaces. The lift 


VICINITY MAP 


Sct 


FIG. 1.—Location Structure (Note: mile 1.61 km) 


FIG. 2.—View along Bridge West 


mechanism unaffected wave battering the bridge; the control mechanisms 
for the longitudinal movement do, however, suffer damage. The horizontal motion 
induced drive motors and controlled guiding trunnions. These trunnions 
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maintain longitudinal motions and restrain lateral and vertical ones. They consist 
pairs 18.125 in. (479 mm) radius cast steel rollers held equalizer 
frame which secured prestress the pontoons the bridge in. 
(76 mm) diameter anchor bolts about length threaded over the 
end, in.-12 in. (127 mm-305 mm). These are aligned vertically and prestressed 
position. The prestress maintained nuts bearing against the equalizer 
frame and pontoon diaphragm. The bolts are AISI 4140 steel made 


FIG. Buffetting Bridge 


ASTM specification 193; [yield strength 111.74 ksi (770 MPa), tensile 
strength 137.4 ksi (947 MPa), and the modulus elasticity 31.25 10° 
ksi (215 GPa)]. Initially, the bolt threads were machined; subsequently they 
were replaced with cold rolled threaded bolts. These twelve anchor rods were 
instrumented with gages record the strains associated with relative vertical 
motions between the drawspan and the pontoon. first, two diametrically 


a 
FIG. 4.—View Drawspan Opening 
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opposite gages were employed. Subsequently, significant bending was 
recorded, only one gage was employed. 

well these vertical trunnion anchorage rods, the end and center locks, 
trunnion support beams, horizontal trunnion supports, and the floating section 
anchor cables were also examined, and extensive strain measurements completed. 


The locking devices and trunnion supports had previously been damaged 
wave battering the bridge. 


Procram 


The broken anchorage rods were caused progressive failure propagating 
from the valley the thread and indicated that fatigue study should 
made. The resulting planning and design has revolved around Miner’s hypothesis 
where the fatigue damage, measured the ratio 


which there are stress cycles amplitude actually applied the member, 
and cycles cause failure. The safe state when and failure 

The in-plane members this study were exposed stationary narrow band 
frequency stress cycling. This frequency Hertz) varied with S,. Therefore, 
the number seconds that the stress cycling occurs year 
then the damage one year due all 


Eq. divides the study into two parts. The w,7, terms have collected 
from on-site measurements, whereas the terms have determined from 
S-N curve for the structural element, which turn must found from 
laboratory experiments. 

The were put together from on-site measurements and from long-term 
wind data collected the bridge site. These long-term data consisted 
wind speed and direction values collected intervals. The scheme 
developed involved the following steps: 


Collection wind and strain data. 
Development relationship between wind and strain from these data 
and transformation wind-stress relationship. 
probabilities for the occurrence stress levels the members. 
Determination the time, 7,, stress level 
Determination from site measurements. 


n, 
(2) 
and the fatigue life 
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The term Eq. requires laboratory measurements actual structural 
elements. Only six such elements each type were available and was decided 
use Basavaraju’s and Lim’s (1) modification (4) accelerated fatigue 
test procedure. 

The availability all the features Eq. allowed the fatigue life 
predicted and thus maintenance program could implemented. The use 
Miner’s hypothesis essential establishing Eq. and the use 
procedure for accelerated fatigue testing. Bright (2) has compared the hypothesis 
and criterion with other postulates for cumulative fatigue damage. has 
concluded that, the light limited data, Miner’s work valid any 
other. Certainly, the work presented here, the important data are limited 
and use Miner’s hypothesis and criterion appears justified. 


The experimental arrangement for determining wind speed and direction and 
local stresses, involved extensive instrumentation. This centered around the 
recorder system, which was designed for this project. The recorder has 
8-bit input channels and 12-bit clock channel. The 8-bit shift registers have 
maximum count 256 (including the zero bit), which give resolution 
1/256 the maximum output allowed for in-calibration adjustment each 
transducer. Each data sample (word) made 5-step gap, 2-step preamble, 
data block steps per 8-bit register times inputs, plus steps for 
the clock), and longitudinal character check. This provides total 
4-bit steps for each sample (the recorder has tracks and bits are recorded 
for each 3.3 step), and the maximum allowable word length. this study, 
discrete mode was used. For such mode two channels were sampled twice 
second, and for each start the recorder, 2,047 samples were taken. 
The individual records were min long, giving records for each cassette. 
The mode operation required that the recorder was initiated when the wind 
speed reached definite level mph (32.2 kmph). Sampling then continued 
for min, and the wind speed persisted over mph, the system was 
turned and 2,047 samples taken. After one hour the wind speed was checked 
and over mph the process was repeated. This continued until the wind 
speed dropped below mph. 

The channels were utilized follows: two wind speed and direction (W1, 
W2); two wave pressure transducers (P1, P2); four anchor cambe displacements 
horizontal trunnion strains 3HL2, 4HL2, 
3HT2, 4HT2, vertical trunnion anchor rod 
Strains (1V1-4V1, 1V2-4V2, 3V3, 3V4, 4V3, three center lock strains 
(C1-C3); one end lock (L1); and two support beams vertical trunnions strains 
These are marked Fig. 

critical importance the study are the eight measurements 
and 3V3, and 4V3. These gave duplicated results their partners 
the trunnions 1V2-4V2, 3V4, and 4V4. 

The field results consisted 429 min records collected over the 1974-1978 
period study. Such collection was comprised the following: (1) Wind 
speed, direction and duration; and (2) strains the horizontal trunnions, vertical 
trunnions, locks and support beams shown Fig. 
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The readings were only taken for wind speeds over mph (32.2 kmph) 
and were treated the following manner: 


The mean the wind speed and direction each hourly interval was 
computed. 


The maximum, minimum, mean, and standard deviations the strains 
were computed each hourly interval. 


order determine relationship between wind and strain, the aforementioned 
results were included regression analysis for the vertical trunnion anchorage 
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FIG. 6.—Instrumentation Drawspan (Note: 0.305 


rods. The form the first regression was 


which |max-min| strain; mean wind speed; wind direction 
relative the normal the longitudinal bridge axis (radians); and 


regression constants. The results are shown Table which the 
multiple correlation coefficient for zero mean system. That 
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which and the measured and computed |max-min| strains. 

Similar regression analysis was performed which standard deviation 
strain. The results Table were then obtained which and 
the standard deviation strain the calculation 

The correlations provided can compared with the correlation between the 
strains adjacent rods and 0.99. Similar analyses were carried out 
using (mean wind speed) and (wind direction). The results 
did not improve the correlations. 

Only 196 the 429 records were employed the regression analyses. The 
excluded records were those which were nonstationary the wind and the 
strain. Such nonstationary conditions occur the beginning the storms where 


TABLE 1.—Regression Results for Vertical Anchorage Results Strain 
versus Wind Speed and Direction) 


TABLE 2.—Regression Results for Vertical Anchorage Rods (Standard Deviation 
Strain versus Wind Speed and Direction) 


transient behavior was involved. remove these records the first two hours 
each storm record were deleted. This amounted 168 deletions from the 
records storms included the 429 min records. Also, another 
record deletions were made where the differences with previous hourly records 
wind and strain were different sign, e.g., where the strains increased 
while the wind decreased. 

The duration the storms given Table This provided for storms 
and gives the mean wind speed, duration hours, and maximum gust speed. 
The average storm duration was 4.714 hr. 


Measurements every were made the Evergreen Point Bridge between 


Member 

(1) (3) (5) 

0.672 49.9 

0.641 

3V3 0.487 19.4 

0.470 25.8 0.43 

Member 
(1) (5) 

0.705 6.95 0.112 

0.681 6.09 

0.696 4.03 

0.529 2.22 

0.633 5.03 

0.646 3.16 
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TABLE 3.—Storm Duration and Wind Speeds 


Mean Maximum Mean Maximum 
wind speed, gust, wind speed, gust, 
miles Duration, miles miles Duration, miles 
per hour hours per hour per hour hours per hour 


(1) (2) (3) (4) 


Dawe 


= 


oom N OO 


Note: mph 1.61 kmph. 
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(6) 
20.42 31.9 19.32 43.7 
24.88 31.3 17.16 27.1 
27.82 37.6 15.63 29.7 
21.82 32.9 14.67 17.5 
18.18 29.0 15.63 21.1 
27.43 38.3 15.79 21.7 
23.92 31.6 12.44 20.6 
23.29 35.4 16.38 22.3 
23.92 35.4 15.35 36.4 
19.57 31.6 17.74 27.7 
25.31 32.5 22.01 34.8 
24.99 39.6 20.62 29.0 
21.90 40.8 36.11 81.3 
25.52 37.0 24.74 47.5 
28.71 38.0 15.50 20.4 
29.54 44.0 20.81 37.3 
26.48 37.6 21.05 38.6 
26.16 45.0 18.18 37.3 
26.39 45.3 18.08 25.8 
26.16 44.0 18.18 23.9 
28.66 50.4 20.58 29.0 
16.27 38.6 25.17 69.5 
19.46 41.2 24.47 41.8 
29.72 40.8 23.98 80.7 
31.42 45.0 26.8 80.1 
15.63 24.2 18.61 37.0 
13.72 17.5 16.51 25.5 
16.75 19.8 28.82 49.1 
19.30 26.2 20.87 38.0 
17.39 24.5 20.42 35.4 
23.29 37.0 26.16 35.4 
17.39 25.2 19.08 30.6 
17.23 19.46 27.8 
14.99 19.5 16.91 23.9 
29.41 66.5 22.33 28.7 
26.16 33.5 21.88 32.2 
19.14 30.3 17.86 23.9 
17.74 32.5 15.9 22.3 
16.27 21.7 16.9 26.5 
26.43 45.9 21.5 40.5 
17.04 27.1 17.1 46.6 
16.67 29.1 25.73 35.4 
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March 1964 and June 1975. These 12,150 long-term results are listed Table 
Eq. and Tables and provide relationship between hourly mean wind 
and both the absolute value and the standard deviation stresses. Using these 
regression results and Table the long-term stresses terms the standard 
deviation are given Table and |max-min| Table functions 
the wind speed. example, two records wind speeds, between 
mph and mph (80 kmph and kmph) from the southeast, exist the 
one year, 1,095 eight hourly intervals occur and the number occurrences 


S-N 


Two sets trunnion rods were available, one with machined threads, and 
the other with rolled threads. Six rods were each set. This was not adequate 
data base for the conventional generation S-N curves single amplitude 
stress repetitions. However, the accelerated procedures (4), with modi- 


TABLE 4.—Long Term Wind Speeds Evergreen Point Bridge Readings 
Hour Intervals from March 1964 June 1975) 


Speed, 
miles 
per hour 30-40 50-60 60-70 
(4) (6) (7) 


848 484 
179 
264 124 


Note: mph 1.61 kmph. 


fications Basavaraju and Lim (1), did allow the construction S-N curves. 

the test the amplitude stress, increased from zero rate 
until failure occurs stress cycles after crossing the endurance 
limit S,. For various and relationship 


exists which allows the endurance limit and the parameters and 
determined using iterative, nonlinear, least squares regression fit routine. 
long-term data Table Using the standard deviation measure the 


strain, for member the standard deviation the strain, €,, from Eq. 
and Table 


and using 10° ksi (207 GPa), then 6.928 ksi (47.73 
MPa). should noted that the results obtained Tables and are nearly 
independent the wind angle attack. 


Over 
(8) 
1,245 
238 
220 
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TABLE 5.—Standard Deviation Stresses (ksi) for Various Wind Speeds for Anchor 
Rods 


Wind speed, 
miles per hour 


(1) 


Note: mph 1.61 kmph; ksi 6.89 MPa. 


TABLE 6.—|max-min| Stresses (ksi) for Various Wind Speeds for Anchor Rods 


Wind speed, 
miles per hour 


Note: mph 1.61 kmph, ksi 6.89 MPa. 


TABLE 7.—Number Annual Occurrences and Stresses ksi) for Various Wind 
Ranges and Anchor Rods 


Wind speed, 
miles per hour 
(1) 
Occurrences 
per year 


Note: mph 1.61 kmph, ksi 6.89 MPa. 
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(4) (6) (7) 
0.67 2.75 4.84 6.92 9.01 11.09 
0.96 2.79 4.61 6.45 8.28 10.1 
0.63 1.84 3.05 4.25 5.46 6.66 
0.31 0.98 1.64 2.31 2.97 3.64 
1.14 2.65 4.16 5.67 7.18 8.69 
0.6 1.55 2.50 3.45 4.40 5.34 
(1) (4) (6) (7) 
9.73 24.7 39.67 54.65 69.6 84.6 
8.34 21.8 35.34 48.84 62.34 75.84 
5.62 14.5 23.38 32.26 41.14 50.02 
3V3 3.28 9.10 14.92 20.74 26.56 32.38 
8.15 15.44 22.72 30.02 37.31 44.60 
3.57 11.31 19.05 26.79 23.53 42.27 
40-50 60-70 
(4) (6) (7) 
(a) (ksi) 
2.01 8.25 14.52 20.76 27.03 33.27 
2.88 8.37 13.83 19.35 24.84 30.3 
1.89 5.52 9.15 12.75 16.83 19.98 
0.93 2.94 4.92 6.93 8.91 10.92 
3.42 7.95 12.48 17.01 21.54 26.07 
1.8 4.64 7.50 10.35 13.20 16.02 
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The results Table for |max-min| stresses enclose 60, obtained from 
Table This information provides some confirmation the measurements 
and the analyses much should include over 99% the occurrences; 
but the extremes should include 100% the occurrences. 

Table shows the number occurrences each year each wind speed 
range and also stress measure each rod. The stress measure obtained 
from Table and the number occurrences assuming that the effect 
the winds blowing from the south arc independent attack angle. Then 

The conventional S-N relationship 


and Basavaraju and Lim (1) developed relationships for and terms 
and These are 


TABLE 8.—Fatigue Test Results 


Specimen (psi per cycle) 
(1) (2) 


Machined 
Machined 
Machined 
Machined 
Machined 
Machined 
Rolled 
Rolled 
Rolled 
Rolled 


Note: ksi 6.89 MPa; psi 6.89 kPa. 


The assumptions this method for obtaining S-N curves are the following: 


S,, and the increasing stress axis and respectively. 

Miner’s hypothesis valid. 


Tests were and the loading replicated the bridge state oscillating 
axial tension. The various rates were obtained maintaining the lowest 
value each cycle zero. The rods tested were in. (76 mm) diameter 
and between 15.3 (4.67 and (16.6 ft) (5.06 long. The material was 
AISI steel with yield 111.7 ksi (770 MPa), and ultimate tension strength 
137.4 ksi (947 MPa). Six rods had machined 3-4 UNC-2A threads over 


(3) 
4.567 31.719 
2.634 30.281 
1.365 25.531 
0.771 22.656 
0.467 19.438 
0.237 16.719 
0.1262 40.522 
0.0884 37.938 
0.0624 36.225 
0.0375 34.375 
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the end in. (152 mm). Six rods had cold rolled 3-8 UN-2A threads over 
in. (152 mm) one end, and in. (381 mm) the other. 


Table shows the experimental results for machined and rolled threads. Thus, 
for Eq. with stresses psi 


for machined threads, and 


for the rolled threads. Using Eq. and 10, 0.5768 and 617,746 for 


the machined, and 0.5768 and 12,600,000 for the rolled threads. Thus, 
for machined threads 


and for the rolled threads 


Fig. shows the S-N curves for the two rod types. 


Cold Rolled 
tS Ancho 


S~ STRESS AMPLITUDE (KSI) 


10* 10 


N- Cycles to failure 
S-N CURVES FOR ANCHORS 


7.—S-N Curves for Anchors (Note: ksi 6.89 MPa) 


Stress 


The previous section provided the term the light the 
measurements the site and the long-term wind data, the results Table 
have been obtained and give, for each wind speed increment, the occurrences 


each year and the stress measure necessary find the expected 
number cycles each year, namely 


which the frequency (Hertz); and the duration for the ith wind increment. 


(13) 
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The duration can considered from the storm occurrences listed Table 
Assigning the maximum wind each occurrence into mph (16.1 kmph) 
intervals, and ignoring the single hourly input which produced 80.1 mph (129 
kmph) maximum, then the average duration each range maxima given 

The process Eq. narrow banded and can obtained counting 
the frequency from the measurements. Table gives these results. These agree 
with the modified Barnet formula 


which fetch ft; and wind speed ft/sec. 

now determined from Eq. which the w,, and terms are 
Tables and respectively, and Table 11. 

order complete the picture the damage incidence the members, 
necessary determine the stress amplitude, S,, associated with each wind 
speed range Table and each anchorage rod. Storms producing the wind 
speeds Table will incur member stresses varying from zero over 
amplitude. However, over 99% these stresses will included 
Stresses below the endurance limit, S,, will incur damage. Interest must 
greater than are infrequent and are ignored. estimate, the value 
stress amplitude each wind storm range will taken (30, S,)/2 
S,. For the machined thread 16.484 ksi (113.57 MPa), and for the rolled 
thread 29.0 ksi (199.8 MPa). (30, given Table 7.) Table then 
constructed for the two types threads and relates S,. 


Lire 


Table shows the number annual occurrences wind speed and 
stress measure (S,) each rod. Thus, for there are 2,218 occurrences 
stress measure S,/2 with the value 20.66 ksi (142.35 MPa). order 
determine the number cycles for failure given S,, the results 
and are utilized. Then Table can constructed for and 
each rod with both machined and rolled threads. Member failure will occur 


The obtained from Eqs. and 14, from Fig. For example, member 
1V1 machined threads have 


Thus 0.27 years 


Completing such calculations for all other members with both types thread 
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TABLE 9.—Storm Duration 


Maximum gusts, 
miles per hour 


(1) 


Average duration, hours 


hourly readings the long-term data limit these results. 
Note: mph 1.61 kmph. 


TABLE 10.—Member Frequency for Various Wind Speeds 


Wind speed, 
miles per hour 
(1) 
Frequency (w,), hertz 
Note: mph 1.61 kmph. 


TABLE 11.—Number Cycles Year for Each Wind Range 


Wind speed, 
miles per hour 


(1) 


40-50 
(4) 


cycles 
Note: mph 1.61 kmph. 


Speeds 


Wind speed, 
miles per hour 


(1) 


(b) Rolled 


Note: mph 1.61 kmph; ksi 6.89 MPa. 


TABLE 12.—Yearly Occurrences and Stress Amplitude (S,) for Various Wind 
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(4) (6) (7) 
40-50 60-70 
(4) (6) (7) 
(6) (7) 
(a) Rod machined (3, S,)/2 ksi 
18.62 21.78 24.88 
17.92 20.66 28.39 
18.23 
16.75 19.01 21.28 
31.14 
29.64 
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allows Table 14, which gives the estimated member life, constructed. 


The field measurements were more abundant than those obtained the 
laboratory. The function the field measurements was obtain relationship 
between wind and stress. This relationship, together with the laboratory results, 
critical importance any subsequent maintenance procedure. The following 


TABLE 13.—N, and for Various Wind Speeds and Anchorage Rods 


Wind speed, 
miles per hour 


(1) 


7,419 
9,327 
24,668 


(b) Rolled threads 


151,143 
300,526 


Note: mph 1.61 kmph. 
TABLE 14.—Estimated Life Anchor 


Life, years 


(2) 
0.27 127 
0.33 252 
Indefinite 
Indefinite Indefinite 
0.65 Indefinite 
Indefinite Indefinite 


comments will focus these two matters. 

The removal nonstationary measurements wind and strain left only 
196 hourly records, out 429 completed, for use the regression analysis. 
was found that without such deletions the correlation coefficient Eq. 
dropped about 0.2-0.3. Obviously, leaving out offending data attractive 
establishing reliable regression formulas. claimed here that not only 
attractive, but also reasonable omit measurements that are nonstation- 
ary. was found that the application the tests for stationarity the process 
produced acceptable regression correlations. The final results responded the 
question: ‘‘What the relationship between strain and wind when conditions 


(3) (4) 
(a) Machined threads 
4,393 3,368 
5,039 3,770 
6,734 4,652 
Member Machined Rolled 
(1) 


FLOATING BRIDGE MAINTENANCE 2143 


are attempt was made determine transient relations. Nearly 
all the deletions (168) were low strain levels the beginning storm. 
The remaining deletions must associated with changes the air environment 
which the water and structure had insufficient time respond. These were 
not necessarily low strains. The 168 deletions low strains may considered 
having little effect the prediction fatigue damage. such claim can 
made about the other deletions, and this type work should carried 
further, methods for including such transient behavior into regression analyses 
would have employed. 

The application the wind-stress relationships extensive long-term wind 
measurements taken intervals causes some concern. Clearly, these 
measurements sampled, without discretion, include stationary and nonstationary 
processes. The collection was for different purposes than for this study; however, 
was made the bridge site. The alternative was collection made the 
lake level intervals location miles north the bridge. There 
appeared sensible relationship between the statistics the two collections. 
The on-site collection was therefore preferred even though the more frequent 
measurements the distant site would have allowed some tests for stationarity. 
future collection long-term data wind, hourly readings would 
preferred. 

The S-N results were obtained from few samples. Two approaches were 
considered. One involved subjecting the rods loading sequence with the 
same Statistics the on-site members. The other was use the method 
and thus derive S-N result. The second approach was used. was thought 
that there were any sins the obtaining the on-site statistics, then these 
would replicated the use laboratory experiments. the other hand, 
concern must shown about the actual meaning the results. 

The tests give some measure fatigue damage and capacity. There 
appears little information confirm the relation these measures 
conventional S-N results. Whatever that relationship is, the procedure 
attractive when limited samples are obtainable and where comparisons details 
are needed. The six results here for machined threads led endurance limits 
well below those obtained from results cold rolled threads. (One test had 
abandoned when heat was applied the threaded region; another test 
was completed modified rod.) These differences fatigue limits are 
line with common experience the aircraft industry where rolled threads are 
consistently preferred. The results contradict those Frank (3) who observed 
such difference. may that the difference not evident the low 
strength steel bolts that Frank used his comparison. 

The S-N curve obtained analyzing the results six machine threaded 
specimens (Eq. and Fig. had lower misfit data for 0.6342 than 
for other values the exponent. the case results for four rolled threaded 
specimens (Eq. and Fig. 7), much the same fit was obtained for variety 
exponents, These resulted endurance limits, S,, between ksi and 
30.5 ksi (186 and 210 MPa), for lying between 0.5 and 0.8. All these showed 
marked increase over the machine threaded rods. For comparison pur- 
poses, the same 0.6342 was maintained with consequent ksi (200 
MPa). would appear that the more test results available, the more evident 
the appropriate S-N curve. mentioned previously, there little evidence 
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indicate whether this convergence the correct S-N curve. The 
method appears very attractive; measures some characteristics and further 
work identify the actual relationship conventional S-N curves would appear 
useful. 

The test was carried out with increasing mean and zero minimum 
stress. This meant that high stress amplitude the mean was the range 
prestress the rods the bridge. Failure occurred the threaded ends 
both the loading and reacting ends the apparatus. Bending strains were 
below the axial strains. 


Maintenance 


The results available can used maintenance programs. One method 
use the results Table and replace bolts before the predicted failure 
date. This approach makes evident that some members (3V1, 3V3, and 4V3) 
are very safe and that and are progressively more susceptible 
fatigue failure. alternative approach monitor the damage individual 
bolts automatic computer procedure which 


Records the hourly wind speed. 

From this and Eq. with Table obtains for each rod. 

Determines and the number occurrences, N,, that hour from 
(Table 10). 

Determines the damage N,/N, for from Eq. 14. 

Adds previous and compares with unity. 

Has visual signal when 0.8. 


The above operation can completely automatic and reflects the experimental 
and analytical work this paper, together with the actual experience the 
member. 


methodology for making maintenance decisions avoid fatigue failure 
has been proposed. The maintenance procedures developed for the drawspan 
mechanism the Evergreen Point Bridge have been used illustration 
the methodology. The methodology has the following steps: 


Development the stress-environment relationship for the critical member. 

Collection long-term environmental data and, thus, from (1) the computa- 
tion long-term stress distribution. 

Determination cycles each stress level from the return period, and 
duration various environmental conditions and the member frequency the 
associated stress level. 

Determination the fatigue characteristics the member (S-N) from 
limited number full-scale tests using the procedure. 

Determination yearly damage and, thus, life using Miner’s hypothesis. 
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The following symbols are used this paper: 


parameter; 
regression constant; 

fatigue damage; 

fatigue damage one year; 
modulus elasticity; 


fetch; 

K,k parameters; 

Prot parameter, regression constant; 

regression constant; 

limit; 


variables; 


measured, computed strains; 
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standard deviation strains; 
standard deviation stresses; and 
applied frequency S,. 
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FIELD MEASUREMENTS 
RIVER BRIDGE 


ASCE and Amin Ghali," ASCE 


The Muskwa River Bridge located near Fort Nelson, British Columbia, 
Canada, mile 297 the Alaska Highway. Because the extreme climatic 
conditions (the geographic location 58° 57’N) and relatively large span length, 
was decided monitor the bridge and collect the performance data, during 
the construction the deck slab and during the first few years operation. 
The bridge two-lane steel-concrete composite bridge, continuous over 
five spans (Fig. 1). The total length about 1,080 (330 m). The testing 


was done the two 300-ft (91.44-m) spans. The objective the study was 
provide information about: 


Strains and deflections developed during the different stages construction 
the concrete deck. 


Strains and deformations caused the time-dependent properties the 
concrete shrinkage and creep. 
Temperature distribution the bridge during construction and service 


when subject the conditions encountered northern British Columbia 
and the Yukon. 


Cracks developing the concrete deck. 
Slip occurring one the field splices the steel box. 


Approx 15,000 strain and temperature measurements were recorded. Detailed 
information about this research project provided Ref. 


The elevation and cross section the bridge are shown Fig. composed 
two steel boxes ft, in. (2.59 wide and their height varies between 


Civ. Engrg., Univ. Calgary, Calgary, Alberta, Canada. 

Bridge Engr., Public Works Canada, Ottawa, Ontario, Canada. 

Civ. Engrg., Development, Public Works Canada, Ottawa, Ontario, Canada. 

Note.—Discussion open until April 1982. extend the closing date one month, 
written request must filed with the Manager Technical and Professional Publications, 
ASCE. Manuscript was submitted for review for possible publication January 22, 
1981. This paper part the Journal the Structural Division, Proceedings the 
American Society Civil Engineers, Vol. 107, No. November, 1981. 
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ft, 6.75 in. (3.83 support and ft, 0.75 in. (1.54 span EF. 
spans and CD, investigated this study, the minimum depth midspan 
was ft, 0.75 in. (2.46 m). the negative moment, zone near support the 
stiffened bottom plates have thickness in. (25.4 mm) and the webs are 
0.56 in. (14.3 mm) thick. The top flanges consist plates in. in. (50.8 
762 mm). shear connectors are provided zone extending 

The stiffeners the web and the bottom plates near support are shown 
Fig. together with the stiffened diaphragm. The reinforced concrete deck 
has minimum thickness in. (203 mm) and reinforced Fig. 


Costing duly 23 


FIG. 1.—Elevation and Cross Sections Bridge 


#6 (2 per Post): 


3 4 


Guide Rail 
5 


Longitudinal 
Steel (Raised) 


#4@ 12" 


Note: Existing shear studs not 
shown for clarity 


FIG. 2.—Reinforcement Deck 


4" Cover 


West Box 


The steel boxes, fabricated Dominion Bridge Vancouver, Canada, were 
erected winter using the ice the frozen river construction 
base. Construction the concrete deck started spring 1975. The casting 
dates the deck segments are shown Fig. Deck segments and 
were poured before measurements were taken. The bridge was opened 
traffic October, 1975. 


Steel.—Atmospheric corrosion resisting steel was used for the steel boxes. 
The steel type CSA high-strength, low-alloy steel, with 


Liewse 
Guide Reil> 12" #506" af \ Handrail 
2° Cover || bors 
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minimum yield point ksi (345 MPa) and minimum tensile strength 
ksi (483 MPa). For the evaluation the strain measurements, modulus 
elasticity 10° psi (200 GPa) and coefficient thermal expansion 


standard. 


Concrete 

Fresh Concrete Properties and Strengths.—The 28-day design strength the 
deck concrete was 4,000 psi (27.6 MPa), which was intended achieved 
with the concrete mix Table Statistical evaluation the 28-day strength 
(measured in. (153 mm) standard cylinders) yielded mean concrete strength 


TABLE 1.—Concrete Mix Design 


Component Measurement 


(1) (2) 


Water 281 Ib/cu 
(167 
Gravel 1,926 Ib/cu 
(1,143 
Sand 1,123 
(666 
Cement (Lafarge type 625 
(371 
Total from above 3,955 Ib/cu 
(2,347 
Water /cement ratio 0.45 
Admixtures Pozzolith 300 
Design strength 4,000 psi 
(27.6 MPa) 
Slump (in lab mix) 2.25 in. 
(57 mm) 
Air content (in lab mix) 5.9% 


Shrinkage Strain 


June 12/75 —4 
July 9/75 

duly 22/75 
Aug. 6/75 


FIG. 3.—Shrinkage Development with Time 


200 400 
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4,900 psi (33.8 MPa) with standard deviation 345 psi (2.4 MPa) indicating 
good control the concrete production. 

Shrinkage.—Shrinkage was measured eight standard cylinders cast simulta- 
neously with the control cylinders for strength testing. Each cylinder had 
thermocouple embedded its center that temperature measurements, essential 
for separating the shrinkage strains from the total strains measured, could 
determined. Readings began one day after casting and continued over approx 
one-year period. The temperature effects were deducted from the total strain 
according recent investigation Berwanger and Sarkar (3). 
The development shrinkage with time depicted Fig. evident 
that shrinkage developed rapidly during the first few months (until the end 
September) and stopped during the winter months. 

After the winter, shrinkage resumed, reaching midsummer average 360 
approx one year after casting. Given the temperature conditions and 
the specimen dimensions, final shrinkage about 520 expected. 
This arrived according Euro-International Béton-Federation 
Internationale Précontrainte), CEB, recommendations (6), assuming 
effective thickness in. (76 mm) and that moisture movement occurred 
during six-month period (excluding the six winter months) from casting. For 
the in. (203 mm) concrete deck, final free shrinkage strain about 410 
was established the basis measurements and CEB Recommendations. 


INSTRUMENTATION 


Deflection precision level was used measure the deflection 
the main girders inside the west box stations (Fig. 4). 

Strain Measurements.—Strain measurements were taken nine stations, approx 
(22.86 apart the two long spans and (Fig. using mechanical 
strain indicator. One division the dial corresponds mm. When 
related the strain indicator’s 500 base length, this shows strain 
each station, measurements were taken each the two 
steel boxes, the concrete deck, and the top surface. The position 
the targets and their numbering are shown Fig. stations and 
additional measurements were taken monitor the relative displacement 
the interface between concrete deck and steel girder. These measurements 
are number and Fig. 

For measurements the steel girders, small conical holes were drilled with 
center drill after their locations (exactly 500 apart) had been marked 
with center punch. prevent corrosion the holes were filled with grease 
immediately after drilling. Holes the bottom plate were protected adhesive 
tape. 

The target points the concrete were marked brass inserts cast place 
the deck. Those target points located the bottom the slab were held 
steel strip (0.38 in. in., in. long). This steel strip and the nut 
holding the insert were removed and reused. The targets the top the 
slab were inserted shortly after screening the concrete surface. 

Mechanical measurements were also taken across one splice, located 
distance (13.72 from support between stations and the west 
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FIG. 4.—Stations Measurements 


East Web of 
West Box 


West Web of 
West Box 


3 


20 


(*) No. AtoE only at support C 


FIG. and Numberings Thermocouples 
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box, (Fig. 4), and along the top flange the west box near pier The 
measurements across the splice served verify slippage the bolted field 
splices. The points which measurements were taken are shown Fig. 
determine the change steel stress along the most stressed part the 
structure (the top flange near support C), consecutive measurements were 
taken series along the underside both flanges the west box. 

Temperature Measurements.— Because the strain measurements give the com- 
bined effect stresses and the free expansion contraction due temperature 
change, was essential determine the latter effect separately. Temperature 
measurements were taken thermocouples (copper-constantan) stations 
and the points indicated Fig. The thermocouples were attached 
the steel box cast the concrete between the two target points used 
for the mechanical measurements, thus, providing the temperatures the desired 
points. The temperature measurements were reliable +0.2° (+0.1° C). 

Crack-Width Measurements.— When became obvious that the concrete deck 
had cracked, was decided measure width visible cracks the finished 
deck surface deck segment (Fig. 1). The cracks were measured special 
microscope that allowed crack width determined within 0.0004 in. (0.01 
mm). The crack widths were measured along the centerlines the two steel 
boxes and recorded according their position along the bridge axis. 


Measurements 


Most sets measurements were taken night that temperature variations 
were minimum. general, the change temperature during one complete set 


measurements (which took between six nine hours) was not more than 
about (2.2°C). However, some measurements had taken under 
considerable nonlinear temperature variation over the bridge cross section, e.g., 
after casting when the deck had developed substantial heat hydration. 


TABLE 2.—Measurement Program 


Date measurement Remarks 


(1) (2) 


June and 11, 1975 
June 13, 1975 

June 26, 1975 

July 1975 

July 1975 

July 1975 

July 10, 1975 

July 21, 1975 

July 23, 1975 
August 1975 
September 26, 1975 
March 1976 
June 26, 1976 
August 1976 
April, 1979 


zero readings 
deck segment cast June 12, 1975 


before casting deck segment 

after casting deck segment 

before casting deck segment 

after casting deck segment 

before casting deck segments and 
after casting deck segments and 
after casting curbs 


after application asphaltic wearing surface 
final measurement (selected stations only) 
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this case, the strains resulting from temperature-induced stresses could not 
eliminated. 

The casting deck segments near the piers (4, and Fig. did not 
change the stresses significantly and, thus, not discussed this paper. Emphasis 
was placed the measurements after casting deck segments and (loading 
cases and respectively) and after completion the deck (loading case 
3). The time schedule the measurements indicated Table 


Two different types analysis were done compare experimental and 
theoretical results: beam analysis for the whole length the east box, and 
finite element analysis for half the east box between stations and 
(Fig. 4). The beam analysis was carried out for three different stages 
construction: (1) After casting deck segment (Fig. 1); (2) after casting 
deck segment and (3) after completion the concrete deck. 

For this analysis the variation the cross-sectional properties was considered 
(4.57 intervals and the weight the deck concrete the East 
box was calculated 208 kips/ft (30.3 which corresponds 
average slab thickness 8.5 in. (216 mm). 

For loading only the steel girders were considered effective resisting 
the moments due the weight the deck concrete. loading case the 
concrete segment was assumed act elastically. The assumed modular 
ratio, corresponded approximately the concrete strength time 
casting segment the analysis loading case the modular ratio for 
the concrete segment was assumed higher, 10, because the 
concrete was only days old when deck segment was poured. These assumptions 
represented well the actual conditions shortly after producing the concrete deck. 
However, for longer time periods, such simplified analyses are not adequate. 
detailed step-by-step analysis the time-dependent effects was not warranted 
because the cracks that had formed the deck segment when segment 
was produced. The load carried the west box was lighter than the 
east box. detailed study revealed difference 11%. 


Deflections.—The deflections spans and (west girder) are shown 
Fig. for the following four stages construction: (1) After pouring the 
slab span June 12, 1975; (2) after pouring the slab span 
July 1975; (3) after pouring the slab the negative moment area the 
support and (4) after completion the deck. 

The largest deflection, 9.09 in. (231 mm), was observed the middle span 
(station after casting the 180 (54.86 deck segment The same 
loading condition resulted 3.98 in. (101 mm) camber midspan the 
adjacent span After casting deck segment downward deflection 
4.65 in. (118 mm) was observed station After completion the bridge 
deck, the deflection both spans was almost equal. The difference between 
theoretical and recorded deflection due the heat developed the concrete 
deck the day after pouring the deck. The larger than theoretical deflections 
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for stage (4) can explained the extensive cracking the concrete deck. 

Temperature Measurement.—The objective the temperature measurement 
was twofold: first, eliminate the effect the temperature the strain 
readings; second, provide information about temperature variations over the 
cross section under the extreme conditions that occur shortly after casting the 
concrete deck during the periods rapidly changing temperature. 


Station 


— — — Piero 


- 13/6/75 
- 4/7/75 
- 0/7 75 
- 7/8/75 


8.—Deflections Spans and West Box in. 25.4 mm) 


FIG. Profiles: March 20, 1976, 14:30 Stations and 
(b) Before Casting the Deck Station 


The most extreme temperature difference was recorded the afternoon 
March 20, 1976. The minimum and maximum air temperatures recorded 
that day the Fort Nelson Airport were (—18° and 24° C). 

After cold night, the concrete deck had reached temperature about 
16° (—9° shortly before noon. The direct sun heated the west web less 
than hr. 12:50, the temperature the steel was about 30° 
and rose 89° (32° 14:30, temperature difference 73° (41° C). 
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The recorded temperature profiles for sections and are shown Fig. 
9(a). This increase steel temperature caused the air temperature inside the 
box rise from 25° (—4° over 70° (21° C), which turn increased 
the temperature the steel plates not exposed the direct sunlight (Fig. 
9). However, the temperature the concrete deck changed only about 
(4° during the same time period. The temperature the east box (not 
exposed the direct sunlight) was about the same that the concrete 
deck. The rapid heating the air inside the box was possible only because 
was completely enclosed. Although the month March was selected the 
hope that extreme temperature differences might recorded, the measured 


temperature difference did not represent the most extreme variation occurring 
that bridge. 


West Web of 
West Box 


FIG. 10.—Temperature Profile Recorded Shortly after Casting Deck Station 


Two other sets measurements are shown Figs. 9(b) and for station 
one for the steel box before casting the deck (Fig. 9(b)), and the other 
taken shortly after pouring the concrete (Fig. 10). the first case, the temperature 
difference between steel plates exposed the sun and those the shade 
about 50° (28° C). The temperature difference between the concrete deck and 
the steel box shortly after pouring the deck concrete was about 43° 
with gradual transition observed the top (610 mm) the steel web. 
The maximum teperature recorded for the deck concrete was 116° (47° C), 
which was about 40° (22° higher than the air temperature recorded the 


2156 NOVEMBER 1981 


Mechanical Strain Measurement.—The many mechanical strain measurements 
were evaluated computer. All the mechanical readings were punched 
computer cards, together with the temperature readings, and the net strain was 
determined by, first, calculating the total strain and, then, correcting for the 
free temperature strain. mentioned before, the strains due temperature-in- 
duced stresses could not eliminated. 

Strain Distribution Two Typical Cross Sections.—The results the strain 
measurements across the steel box are shown Fig. for the section near 
support (station and for the middle span (station 3). station 


Stee! Stren 


FIG. 11.—Steel Strain Distributions for Different Stages Construction: (a) Station 
5W; (b) Station 
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FIG. 12.—Comparison Theoretical with Measured Steel Stresses along Bottom 


the maximum strains the bottom flange occurred after casting the concrete 
deck that span. The subsequent casting the deck the adjacent span 
reduced the strains the bottom flange considerably. After the concrete 
the two main spans had been poured, the strains did not change. From Fig. 
also obvious that the location zero strain changed considerably 
during the various stages construction. This was result the increase 
flexural rigidity after casting the deck, shrinkage the deck concrete 
and changes temperature. From the figures can concluded that the 
strain distribution the webs was nearly linear, and the strains were almost 
uniformly distributed across the bottom plate. This justifies the assumption 
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that the flexural stresses can computed using conventional beam theory for 
this type structure. 

Strains and Stress Steel Boxes.—Fig. shows the steel stresses the 
bottom plates the boxes stations 1-9 after casting deck segment 
The values shown each station are the average the five target points 
7-11 measured the bottom plate each steel box. For the west box two 
sets values are plotted, one, recorded the day after pouring the deck (June 


Steet Strom (x 107%) 


Stes! Strom (x 10-8) 


13.—Temperature Induced Strains (West Box) 


Test THEORY 


STEEL STRESS (usi) 


FIG. 14.—Measured Distribution Bottom Fiber Stress along Girders and Comparison 
with Theoretical Stresses for Loading Stage (after Completion Bridge—Sept. 
26, 1975); 0.305 ksi 6.89 MPa 


13), and, the other, two weeks later (June 26), before pouring the next segment 
the deck slab. The difference stress, which amounts maximum 
about 2.5 ksi (17.24 MPa) station the result the cooling and the 
early shrinkage the deck concrete. Comparison with the measured stresses 
shows that overall, they agree reasonably well with theoretical ones. Fig. 
13, the strain distributions for sections and from shortly after pouring 
the deck days after are plotted. Cooling and shrinkage the deck concrete 
introduced almost uniformly distributed axial strain about —80 
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which corresponds compressive stress the steel box approx 2.5 ksi 
(17.24 MPa). The corresponding tensile stress the concrete approx 500 
psi (3.45 MPa). 

Fig. shows the distribution bottom fiber stresses along the steel boxes 
after completion the concrete deck. Comparing theoretical and observed 
stresses, one can conclude that the negative moments are higher than the positive 
ones, which explained the more extensive cracking the positive moment 


SEPT 26-75 


FIG. 15.—Comparison Strain Distribution between West, and East, Boxes 
Station 


STEEL steam 
SEPT 26-75 


FIG. 16.—Comparison Strain Distribution between the East, and West, Boxes 
(Stations and for Loading Cases and 


zones and the resulting loss stiffness. The shrinkage and creep effects 
one hand and the cracking parts the deck concrete the other, make 
analysis such structure extremely complex, and the analysis with effective 
modulus elasticity does not represent these effects. comparison the 
measured and calculated strain distribution across sections and (over 
support) shows that for all three cases presented Fig. 15, agreement 
surprisingly good. expected, the strains the east box are slightly higher 
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than the west box. The agreement less satisfactory the middle the 
two spans Fig. 16. While the measured bottom fiber strains still agree reasonably 
well with the theoretical values, the distribution across the section deviates 
significantly from the anticipated linear distribution. The heat hydration 
the concrete deck June 13, 1975 responsible for the nonlinear strain 
distribution that date. 

The strains recorded September 26, 1975 (Fig. after completion 
the deck also deviate from the theoretical values above the bottom fibers. 
assumed that shrinkage the deck concrete and the resulting cracking 
caused the difference between theory and observation. 

The September readings stations and indicated that the level zero 
stress was approx mid-depth the section while the theoretical point 
zero stress lay much higher. This indicated that the concrete deck did not 
contribute substantially the flexural rigidity the midspan section. This 
statement confirmed the larger than theoretical deflections Fig. The 
strains remained virtually unchanged during the from 1976 until 1979. 

Slip Measurements Across Splice Station 5/6W.—The measurements across 
the splice the location shown Fig. were made order determine 
whether not slippage occurred during after construction the concrete 
deck. the measurements indicated Fig. the pairs measurements 
numbered 6-13 would, comparison, indicate whether not relative deforma- 
tion between the splice plates and the bridge segments occurred. All the 
measurements indicated that slip occurred across the splice. 

Cracks.—The high shrinkage, the temperature, and the sequence casting 
chosen for the production the deck resulted the formation numerous 
cracks the deck, particularly deck segment Crack width measurement 
were taken after the 180 (54.9 long deck span had been poured 
July 

Pouring span introduced substantial negative moments span AB, 
which resulted tensile stresses in, and cracking of, the deck concrete 
that span. Similarly, pouring span produced tensile stresses the concrete 
deck the adjacent spans and DE. 

The cracks extended over the full width the deck and were spaced 
12-16 in. (300-400 mm). Measurement about 200 cracks showed average 
crack width 0.0035 in. (0.09 mm) and maximum width 0.0087 in. (0.22 
mm), which well below the maximum value 0.013 in., which corresponds 
the value 175 for exterior exposure, given the American Concrete 
Institute, ACI Code 318-77 (2). 


Temperature.—The most important finding this study the large temperature 
difference 73° (41° between the concrete deck and the steel box exposed 
the sunlight. This temperature difference developed less than hr. 

The box-type bridge with composite deck appears generate high temperature 
differences because the enclosed air space inside the box, which seems 
warm quickly. may assumed that the dark color the corrosion resistant 
steel accelerates the heating process. 

must emphasized that the measured value 73° does not 
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represent maximum value. Values 90° (50° and more must expected 
under extreme conditions. recommended that differential thermal stresses 
considered the design composite box girder bridges. Several analytical 
methods are available for calculating such stresses (4, and 10). 

According the present American Association State Highway and Trans- 
portation Officials, AASHTO, specification (1), there requirement design 
for thermal gradients. 

Concrete Deck.—Cracking the concrete deck attributed the 
following causes: (1) Temperature developed concrete deck shortly after 
casting; (2) sequence casting; (3) shrinkage deck concrete; and (4) rapid 
heating the steel boxes exposed direct sunlight. 

The concrete deck was subjected tensile stresses from the beginning. The 
heat hydration and the sunlight caused the deck concrete develop 
temperature about 45° higher than that the steel boxes. this 
temperature difference maintained until after the deck concrete has hardened, 
the concrete will subjected substantial tensile stresses rather early 
age when cooling the deck occurs. Controlling the heat hydration would 
greatly reduce these temperature stresses. 

The second substantial source tensile stresses was the result the sequence 
construction. Casting large segments the concrete deck the various 
pans led negative moments the adjacent spans, causing tension the 
concrete deck. This effect would have been less pronounced smaller sections 
the deck concrete had been poured alternatively adjacent spans. 

Shrinkage the deck concrete the third major source tensile stresses. 
With free shrinkage approximately 410 determined for the deck 
concrete, considerable tension must introduced. The shrinkage-induced com- 
pression the steel box led measured strain about 
corresponding tensile stress the concrete nearly 500 psi (3.45 MPa) 
which excess the tensile strength the concrete. decrease these 
high stresses, shrinkage should reduced much possible. 

Finally, there was the temperature difference 73° (41° between the 
sunlit web the west steel box and the concrete deck. This temperature difference 
alone would have been large enough cause cracking the concrete deck. 
The maximum and average recorded crack width 0.0087 in. (0.22 mm) and 
0.0035 in. (0.09 mm), respectively. The only way cracking can prevented 
prestressing the deck slab. 

Strain Distribution.—With regard the variation strains across the box, 
can stated that the strain distribution more less linear over the depth 
the web plates and the width the bottom plates. The linearity the 
strain distribution confirms that the beam theory can applied with confidence 
for the analysis structures this type. Strain measurements across field 
splice indicate that slip occurred the splice. Other measurements confirmed 
that slip occurs between the concrete deck and the steel girders. 

Stiffness and Deflection.—Cracking the deck concrete resulted reduction 
the stiffness the structure. However this seems have little effect 
live load capacity the bridge service load level (5). 
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PREDICTION TEMPERATURES 
CONCRETE BRIDGES 


Allan Churchward,' and Yehuda ASCE 


INTRODUCTION 


Concrete bridges are subjected continuous heating and cooling from the 
environment and solar radiation. This may cause undesired deformations and 
stresses. The main types deformations are longitudinal expansion, and 
contraction and vertical deflections. The first caused changes average 
temperature within the bridge sections, while the second results from vertical 
temperature gradient across sections. Knowledge the vertical temperature 
profile gives information both types deformations. This paper includes 
the description the experimental program aimed collecting data tempera- 
ture distributions poststressed concrete bridge section, and the processing 
the recorded temperatures yield information for the possible analytical 
prediction the temperature distribution similar sections, with minimum 
necessity for repetition measurements. This paper based research 


performed the Main Roads Department, Queensland, and the University 
Queensland (5). Unless otherwise specified, the temperatures throughout the 
paper are given degrees Celsius (°C). 


Figs. and show the decomposition the temperature strain across the 
section uniform, linear, and nonlinear components. that decomposition, 
each component responsible for different type deformation. 

simple supported beams, stress induced from the nonlinear component, 
STS only. continuous beams, stress induced from all three components, 
with major contributions from Curvature Inducing Strain Component, CURS, 
and Stress Inducing Strain Component, STS. 

important emphasize that the magnitude the temperatures 
used the design must relative the reference magnitude the time 
that thermal restraint occurred. 


Main Roads, Dept., Brisbane, Queensland, Australia. 

Civ. Engrg., Univ. Queensland, Brisbane, Queensland, Australia. 

Note.—Discussion open until April 1982. extend the closing date one month, 
written request must filed with the Manager Technical and Professional Publications, 
ASCE. Manuscript was submitted for review for possible publication July 14, 1980. 
This paper part the Journal the Structural Division, Proceedings the American 
Society Civil Engineers, Vol. 107, No. November, 1981. ISSN 
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Aim INVESTIGATION 


The present investigation aimed establishing mathematical model for the 
prediction the temperature distribution from the knowledge several environ- 


temperature 
strain average curvature stress 
profile strain inducing inducing 
strain strain 
(b) 


FIG. and Strain Distribution Section: (a) Temperature Variables; 
(b) Temperature Induced Strains 


Section 


Temperature gradient 


Vertical deformation there was continuity 


Constrained vertical deformation 


Resulting bending tension side) 
FIG. Temperature Bending Moments Continuous Bridge 


mental parameters, such ambient temperatures, solar radiation, wind velocity, 
and hours sunshine, and from the temperature the top surface the 
section. 


section recently completed bridge had been instrumented with copper 
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constantan thermocouples and measurements were made continuously throughout 
three-year period. Figs. and show typical cross section the bridge 
and the particular section investigated, together with positioning the thermo- 


stressing ducts not shown 
200 100 bituminous concrete 


note thermocouples marked B were positioned outside of section 
FIG. 4.—Positioning Thermocouples 


TEMPERATURE - °c 


FIG. 5.—Temperature Profiles Various Times Day 


couples. Simultaneously with temperatures, the following environmental parame- 
ters have been recorded: 


Minimum and maximum ambient air temperatures degrees (AMIN 
and AMAX). 


Solar radiation (insolation) Joules/M Day. 
Hours sunshine per day (HS). 
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was found that the temperature distribution all webs almost identical, 
while there small variation across the flange, which shows the recorded 
temperature profiles different times Fig. 


Means INTERPRETATION Data 


may concluded from Fig. that the peak temperature occurs predominantly 
the top the section. Such distribution creates the largest vertical gradient 
and is, consequently, responsible for the linear strain (CURS). Existing 
recommendations several codes specify the differential part only the 


Differential 


1370 
for y>1370 


(ref. 


FIG. 6.—Several Existing Specifications for Differential Temperature Gradient 


The component from Fig. not specified existing codes; instead, 
they specify the AVT component. Some the existing specifications for the 
differential part DT(y) are shown Fig. 

The interpretation the measured data has been directed towards similar 
representation. Previous investigators (11,9) have indicated that the lower part 
the temperature distribution negligibly affected daily changes atmo- 
spheric conditions, and also independent the depth the section below 
approx 3.28 depth. the last statement can generally accepted, 
then the data from this particular investigation could used directly the 
design some other bridges similar environments. For the purpose this 
investigation, the average value from thermocouples No. and (Fig. has 
been used representative for that temperature subsequently defined 
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Base Temperature (BT). This means that AVT component (Fig. can computed 
from and simple addition and integration: 


D 


AVT 


and are subsequently defined design variables. 


Data 


From the continuously recorded data, several daily profiles have been selected 
specific times the day. The chosen times correspond the occurrence 
the maximum differential temperature the top, maximum and 
minimum average temperature, AVT, and the corresponding base temperature, 
BT. 

should noted here that like AVT, DTMAX has two extreme daily 
occurrences: maximum and minimum. this paper, temperatures with minimum 
value DTMAX are not presented they are little importance for the 
Brisbane region. The recorded profiles were then processed for the following: 


Expression no. 

no. 

no. 
Measured 


DTMAX 


Analytical expressions 


Expr(2) 


FIG. 7.—Plot Measured and Calculated Curves for 
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Least squares curve fitting for the establishment analytical expression 
define the profile 

Extraction BT. 

Correlation between BT, and AVT. 

Relation with environmental parameters stated before. 


Differential Temperature Profile analytical profiles for 
attempted. All these were the form similar the existing 
specifications, i.e., function the depth f(y) multiplied DTMAX which 
measured from the top. The attempted expressions were calculated using 


TABLE 1.—Correlation Coefficients and Error Coefficients for Suggested and Existing 
Curves 


TEMPERATURE GRADIENT 
Developed 
This 
Investigation 
Number From Other Sources 


(5) (6) (7) (8) (9) 


Correlation 
Error coefficient |10.1 6.5 12.7 10.8 11.8 7.0 8.3 14.1 


A 


the method least squares (12). These curves, together with the existing 
specifications for DT(y), were then correlated with the measured data for the 
magnitude temperatures. Fig. shows the plot all curves calculated for 
DTMAX (differential temperature) 20° (36° F). The corresponding correla- 
tions and error coefficients are presented Table 

The calculated hyperbolic expression (curve No. gives the highest correlation 
coefficient and the lowest error coefficient. The polynomial expression (curve 
No. gives negative values for small portion the section. However, this 
does not exclude the possibility obtaining satisfactory results for structurally 
important effects, such stresses, curvatures, and axial elongations. 

Average Bridge Temperature (AVT).—Two pairs values maximum 
and DTMAX were chosen the straight line drawn arbitrarily across the upper 
boundary the plot coexisting occurrences shown Fig. The chosen 
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values were then used calculate AVT using Eq. which DT(y) was taken 
from Figs. and The calculated values max AVT are plotted Fig. 
Fig. allows drawing the following two conclusions: 


The good correlation between the measured AVT and indicates that 
the component DT(y) AVT significant (approx 17% Fig. 9). 

The differential temperature component the maximum value AVT 
can safely computed from almost all available curves. 


for the minimum AVT, was found that the DT(y) component very 
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DTMAX 


Max. differential temperature (DTMAX)-°C 
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FIG. Occurrence Measured DTMAX and MAXBT 


FOR YEAR 1976 max BT. =max AVT. 
Correlation coefficient 0.966 


Differential temperature 
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FIG. 9.—Mutual Occurrence Measured MAXBT and MAXAVT 


small, and for practical purposes may disregarded. Therefore, minimum AVT 
equals minimum BT. 


ENVIRONMENTAL PARAMETERS 


Correlation was attempted for two design variables, and BT, using 
linear relationships only. For reasonably good correlation was obtained 
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with insolation Fig. shows the plot the mutual occurrence 


and insolation. The highest correlation coefficient 0.912 given the 
equation 


while 90% measured data lies beneath the line given the equation 


Values maximum are well correlated with maximum ambient temperature 


FOR YEAR 1976 
Correlation coefficent = 0.912 


ure{DT MAX)-°C 
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FIG. 10.—Mutual Occurrence Measured MAXDT and 
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Correlation coefficient 0.891 
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FIG. Occurrence Measured Maximum Base Temperature and 
Maximum Ambient Air Temperature 


AMAX (Fig. 11). This relationship can represented the following two 
equations: 

1.14 AMAX 

gives only measured occurrences exceeding BT, and 


gives 95% measured occurrences exceeding BT. Good correlation was also 


20 
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obtained between and the temperature history, i.e., with ambient temperatures 
recorded during the previous days, proving that less affected instanta- 
neous temperature changes, direct solar radiation that particular day. 
This relationship presented the following equation 


BTMAX 0.48 AMAX 0.43 AMIN 0.46 AMAX 
0.14 AMIN 4.7 


which (—1) signifies the temperature recorded one day prior the recording 
the BT. The correlation coefficient for this relationship was 0.956. The 
interesting feature this relationship the almost equal coefficients the 
first three terms. For the minimum value BT, good correlation was obtained 
using longer temperature history. 


BTMIN 0.47 AMAX 0.18 AMAX (—2) 0.74 AMIN 
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Total number 
occurences 


0.8+Mean 10.9 
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FIG. 12.—Three Years Cumulative Probability Distribution for Maximum Differential 
Temperature Top Section 
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FIG. 13.—Three Years Cumulative Distribution Maximum and Minimum Base 
Temperatures 
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The correlation coefficient for this relationship was 0.94. The interesting feature 
this equation the relatively large coefficients for the minimum temperature, 
AMIN, and the previous day’s maximum temperature, AMAX (—1). Hours 
sunshine (HS) gave, general, poor correlation. 


Tests were performed check the probability distributions the maximum 
and minimum values the design variables and BT. believed 
that the knowledge the probability occurrence these variables could 
helpful the choice the design values. For that purpose, cumulative 
distributions the recorded values were plotted, together with the theoretical 
normal cumulative distributions for the same values the mean and standard 
deviations. Plots both distributions are Figs. and 13. 


TABLE 2.—Percent Differences Curvatures from Measured Data and 
from Analytical Expressions 


Differences 
Gradient type percent 


(1) (2) 


National Association Australian State Road Authorities 
(Ref. 

British Standards Institution 5400 (Ref. 

New Zealand (Ref. 

Priestley (Ref. 10) 

Maher (Ref. 

New Zealand (Ref. 


“+1 indicates that Expression gives curvatures which overestimate the average upper 
limit curvatures from measured gradients 1%. 


Max differential temperature OT MAX) °C 


NUMBERS REFER TO THE DEVELOPED ANALYTICAL 
EXPRESSIONS 
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FIG. 14.—Calculated Curvatures Using Measured and Calculated Temperature Gra- 
dients 
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Visual inspection these figures shows reasonably good agreement. 
Theoretical distributions tend more conservative for extremely higher 
and extremely lower temperatures. 


The curvatures generated differential temperature gradient may used 
indication the resulting deformations and stresses continuous bridge 
structures. For that purpose, all aforementioned empirical gradients (existing 
and new) have been processed yield the curvature which generated linear 


ENVIRONMENTAL PARAMETERS 
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AND 
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FOR INDETERMINATE STRUCTURES ONLY 
STRUCTURAL ANALYSIS TO DETERMINE 
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FIG. 15.—Flow Chart for Thermal Response Evaluation 


strain CURS, shown Fig. 1(b), using the investigated section from Fig. 
The measured profiles for one-year period were also processed and are used 
comparison. 

Fig. shows the calculated curvatures for different values maximum 
differential temperature DTMAX. can shown (5) that curvatures are always 
proportional the DTMAX. The relative values are then computed Table 
which shows the differences percent. The comparison shows that the 
empirical expression from Ref. gave the best correlation, while the newly 
derived expression No. which gave the best correlation for temperature 
magnitudes, underestimates curvatures. 
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IMPLEMENTATION AND DesiGn 


The method involved determining the thermal effects, either for design 
purposes for response, shown Fig. 15. The flow chart represents 
several approaches the evaluation response depending available informa- 
tion and desired accuracy. 

The most complete approach would consist obtaining data from long-term 
temperature records, and this shown approach II. Approach requires 
data environmental parameters and their history, but eliminates the necessity 
for long-term temperature measurements. crude approximation satisfactory, 
then approach III may sufficient, subject availability design specifications. 


section poststressed concrete bridge has been instrumented for recording 
temperature profiles different instants time. The aim was establish 
analytical criteria for the prediction the average temperatures, which are 
responsible for the longitudinal deformation the bridge, and the vertical 
differential temperature profiles responsible for the bending deformations 
the vertical plane. was found that the total temperature profile may reasonably 
well predicted from the sum two design variables: one having constant 
value over the whole section defined BT, and the second representing the 
maximum the differential temperature profile. This ordinate generally 
occurs the top. Expressions have been formulated which correlate these 
design variables with the environmental parameters maximum and minimum 
ambient temperatures and insolation was found that insolation and extreme 
ambient temperatures are the most influential parameters. addition, analytical 
expressions have been suggested for the differential temperature profile, all 
them being function DTMAX. All derived expressions were then correlated 
for the magnitude temperatures, and for induced curvatures. was found 
that good correlation temperature does not necessarily happen curvatures. 
should kept mind also that the derived expressions, whether successful 
not, were derived for particular bridge section under particular environmental 
conditions. 


For Future 


recommended that temperature recordings similar bridges and other 
types bridges accompanied the measurements stresses and deforma- 
tions. Temperature affects structures through the difference its magnitude; 
therefore, the choice the datum temperature for each particular case also 
must investigated. 
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The following symbols are used this paper: 


AVS strain across section; 
AVT average temperature across section; 
temperature, i.e., temperature lower part 
section; 
BTMAX, BTMIN maximum and minimum values BT, respectively; 
constant temperature across cross section; 
CURS inducing strain component; 
DT(y) temperature magnitude top section; 
DTMAX temperature magnitude top section; 
error coefficient calculated for one particular profile 
temperature gradient; 
overall error coefficient; 
incident solar radiation (insolation) Joules 
lower suffix used counter indicator summations; 


tion error correlation coefficients; 
denote that error correlaticn coefficient 
for one particular profile temperature gradient; 


2175 


NOVEMBER 1981 


number design variables used calculation proba- 
bility distributions; 

number nodal points along vertical axis bridge 
section where temperature has been measured and 
correlated; 

correlation coefficient calculated for one particular 
profile temperature gradient; 

overall correlation coefficient; 

stress inducing strain component; 

calculated temperature node 

measured temperature node along vertical axis 
web; and 

(Greek sigma) denotes sum of. 
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DISCRETE STRUCTURAL OPTIMIZATION 


Judith Narbey Khachaturian,’ ASCE, 
and Visarn 


INTRODUCTION 


Optimization problems structural design are predominantly discrete 
type which the variables can assume only certain predetermined quantities. 
Among the problems that commonly arise structural design the selection 
standard steel sections for continuous, frame structures. The design 
reinforced prestressed concrete structures represents another example which 
both the amount steel and the dimensions concrete are discrete variables. 
The amount reinforcement determined the basis the standard sizes 
available, and the dimensions concrete used practice are usually within 
the nearest half-inch. Thus, from practical standpoint more convenient 
formulate the design problem with discrete variables than would 
the variables were assumed continuous. 

Several researchers have attempted develop methods for discrete optimiza- 
tion structures (6,8,9). Toakley (8) formulated the optimal plastic design 
frame structures discrete problem, which the solution space consisted 
the available standard sections, and solved using mixed integer-contin- 
uous programming algorithm. Lai and Achenbach (6) presented direct search 
algorithm solve nonlinear optimization problems which the variables were 
discrete. Twisdale and Khachaturian (8) developed dynamic programming 
approach which efficient for certain classes problems but which has the 
usual limitations associated with dimensionality. 

The method presented here based search technique developed 
Glankwahmdee, Liebman and Hogg (4) specifically for nonlinear discrete uncon- 
strained optimization problems. The method adapted problems structural 
optimization which are mostly constrained using interior penalty functions 
(3,5). The method reasonably efficient and convenient, since utilizes 
concepts developed for problems with continuous variables solve problems 
with discrete variables. the following paragraphs the method presented, 
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Illinois Urbana, Ill. 61801. 

Civ. Engrg., Univ. Illinois Urbana-Champaign, Urbana, 61801. 
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and several examples are included illustrate the method. Computational 
problems are also described. 


Discrete 


general, optimization problem subject inequality and equality 
constraints can expressed as: 


which the N-dimensional independent design variable vector; F(X) 
the objective function; are inequality constraints imposed upon 
are the equality constraints imposed upon 

When there are restrictions upon except the conditions non-negativity, 
the problem may treated unconstrained optimization problem. When 
the variables are assumed have continuous values, there are many methods 
solutions available. However, when may only assume discrete values, 
F(X) and all the constraint functions exist only discrete points. Among 
the several search methods for discrete unconstrained problems, the method 
integer gradient direction (4) particularly promising for structural design 
problems. 

The general procedure the method integer gradient directions follows: 


Select initial feasible base point (XB). 
Generate the integer gradient direction GM(XB): 
(a) Calculate G(XB), the approximate gradient (XB): 


G(XB) 
(F(x Ax) F(x)) 
(b) Calculate S(XB), the normalized gradient direction XB: 
S(XB) 


G(XB) 


(c) Calculate DR(XB), the relative gradient direction XB: DR(XB) 
S(XB)/s, where the smallest (in absolute value) element 
(d) Calculate GM(XB), the integer gradient direction vector 
changing values DR(XB) the nearest integer value. 
Perform one-dimensional search along the direction GM(XB) until the 
best improved objective function found. Any discrete point, along the 
direction GM(XB) can generated from the equation 
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which represents the position number all the discrete points 
the direction GM(XB) starting from (XB) and can any integer; 
diagonal matrix discrete step sizes which the ith diagonal component 
the step size the ith design variable. 

Redefine (XB) the just-found best improved solution point and generate 


the new search direction GM(XB). (XB) local optimum, stop. Otherwise 
step 


One way which constrained problems can solved converting them 
into sequence unconstrained problems use penalty functions. Each 
unconstrained problem the sequence can then solved the aforementioned 
method. The problem formulation becomes 


which P(X,r) the parametric objective function; the penalty function 
parameter; and interior penalty function the original inequality 
design constraints The original equality constraints, structural 
optimization represent limitations imposed stresses deformations various 
elements the structural systems. The equality constraints are the equations 
used analyze the structure. For small problems, these equalities can used 
directly reduce the size the problem. For larger problems, the structure 
can analyzed each step obtain the forces and the stresses that are 
necessary for the evaluation the inequality constraints. This approach limits 
the formal expression the problem inequality constraints only. 

The second term the right-hand side Eq. the penalty term, 
which can one several functional forms. For sequence gradually 
decreasing positive values the penalty function parameter Eq. can 
visualized sequence unconstrained optimization problems which converge 
discrete locally optimal solution the original constrained problem. 

The following terminology and definitions will conveniently employed 
the review the constrained problem. 

principal axis coordinate axis, and Ax, the shortest distance between 
two discrete points line parallel x,-axis. unit neighborhood, N1(X) 
the discrete point contains all the points whose components not differ 


set all feasible points, that 


will designate the set all discrete boundary points whose 
principal neighborhood contains points that violate one more constraints, 
and the set all discrete interior points which includes all points that 
lie but not S,. 

For structural optimization problems, which the objective function the 
cost the weight, the discrete optimal solution will point and not 
This true because, the constraints specifying the structural requirements 
are ignored, the minimum weight minimum cost solution structure violating 
the requirements. However, these discrete boundary points need not lie 
the boundary the corresponding continuous problem. Thus, discrete optimal 
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solution Eqs. 1-4 may not satisfy any the inequality constraints exactly. 

The interior penalty function, /(X), the unconstrained problem Eq. 
must form such that its value non-negative every point the 
feasible set and increases large number discrete boundary point 
approached. Thus, the primary role the interior penalty function 
insure that the discrete optimal solution the unconstrained problem seen 
Eq. feasible the constrained problem found Eqs. 1-4. The function 
adopted this study modification the one first introduced 
Carroll (2) and used frequently others: 


which some very small quantity; and the constraint satisfied 
exactly and otherwise. 

Our modification the addition the term which necessary with 
discrete variables. the use penalty functions with continuous variables, 
the constraint boundaries are approached smoothly but never reached exactly. 
With the discrete variables however, points that exactly satisfy one the 
inequality constraints, that is, for which may well evaluated 
during the discrete search process. From long the direct search 
remains the value non-negative, and has relatively small 
value solution that far from the boundaries, and becomes larger 
the boundaries are approached. 

order for the penalty function approach reach locally optimal solution, 
the penalty function parameter Eq. must assume monotonically decreasing 
sequence positive numbers, approaching zero the limit. this study 
sequence the values chosen such that 


order begin the solution, values the parameters and and the 
starting point X,, must selected. the problems described this paper, 
was chosen for starting point that initially the penalty term 
did not dominate the problem. For the reduction factor value was 
satisfactory for the smaller example problems, but was necessary have 
4to obtain convergence larger and more complex problems. 

the examples that follow, order begin with initial feasible solution, 
the algorithm was started with obviously conservative design. This approach 
was used demonstrate the convergence the method well its generality. 
practical situation possible estimate initial feasible solution that 
closer the optimal design. 

Although theory this approach requires only that the values converge 
zero, crucial select initial value for and rate reduction 
for that provides relatively well-behaved sequence unconstrained optimiza- 
tion problems. These choices, therefore, are fairly problem-dependent. 
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this section, the discrete optimal design simple reinforced concrete 
structure illustrated. The area the reinforcement and the width the 
beam are taken discrete design variables, and the objective function 
the total cost concrete and reinforcing steel. 

The beam considered shown Fig. The beam assumed 
subjected live load 2.0 kif and dead load 1.0 kif which includes 
the weight the beam. The strength concrete ksi, the yield point 
stress the reinforcing steel ksi, and the effective depth assumed 
in. The cost concrete $0.02/sq in./lin. and the cost steel 
$1.00/sq in./lin. ft. intended determine the cross-sectional area 
the reinforcing steel and the width the beam such that the total cost 
the structure minimum. The structure should proportioned have required 
strength based upon the ACI Building Code 318-77 (1) follows: 


c 


which the flexural strength the beam; and and the dead 


FIG. Concrete Beam 


load and live load moments, respectively. For this example, 1,350 
can stated simplified form follows: 


Min F(X) 29.4x, 18x, 
2 


x 


Before the optimization procedure started, discrete solution space must 
established. For simplicity assumed that the reinforcement made 
through bars, and that only bars the same size are allowed. 
The available values are tabulated and numbered the order increasing 
cross-sectional area Table For this particular problem, there are total 
available values x,. Thus, now represented number with 
the corresponding cross-sectional area the steel from the table. 

practice, the width the beam allowed vary discretely, usually, 
half-inch increments. For this particular problem, the available solutions for 
x,are tabulated Table Thus, represented number which corresponds 
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TABLE 1.—Design Space for Reinforcing Bars 


Area, Area, 

square Design square 

Bar type inches number Bar type inches 
(2) (5) 


9#6 
4#9 
14#5 
10#6 
6#8 
8#7 
12#6 
10#7, 6#9 
14#6 
8#8 
12#7 
13#7 
10#8 
8#9 
12#8 
13#8 
14#8 
10#5 
4#8 12#9 
8#6 14#9 
6#7 
12#5 


Note: in. 25.4 mm; 645.16 mm’. 
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Design 
(1) 
1 3.95 
3.96 
4.00 
4.03 
4.20 
4.34 
4.40 
4.65 
4.74 
4.80 
4.84 
5.00 
5.28 
5.40 
5.53 
5.72 
6.00 
6.16 
6.32 
6.60 
7.00 
7.20 
7.80 
7.90 
8.00 
8.40 
8.69 
9.00 
9.48 
10.27 
11.00 
11.06 
11.85 
12.00 
13.00 
14.00 
15.00 
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specific value the width the beam (because this transformation; 
Ax, Ax, 1). 


The problem described (10) and (11) must transformed into sequence 


discrete unconstrained optimization problems, the k-th which the 
form 


sequence unconstrained discrete optima obtained solving the above 
unconstrained optimization problems the method integer gradient direction 
will converge the discrete optimum the original constrained optimization 
problem. 

relatively large value must assigned the penalty function parameter 


TABLE 2.—Design Space for Widths Beam 


Beam width, 
inches Design number, 
(3) 


Beam width, 


Design number inches 


Note: in. 25.4 mm. 


the first unconstrained problem the sequence. This value should large 
but yet should not let the penalty term dominate the problem. begin 


the initial feasible solution point (XB), which 12.00 in.’ 


and in. let 100; then F(XB), 568.60 dollars; (XB), 
3.0504, 32.78; and P(XB,r,) 601.58. 

From the foregoing values, can see that relatively large, and the 
penalty term does not dominate P(XB,r,). wide range values 
could have been assigned r,, but value 100 was chosen for convenience. 
reduction factor was used obtain the value the succeeding 
values 


two-sided gradient approximation was used this example. For point 


(1) (4) 
6.5 14.0 
7.0 14.5 
15.0 
8.0 15.5 
8.5 16.0 
9.0 16.5 
9.5 17.0 
10.0 17.5 
10.5 18.0 
11.0 18.5 
19.0 
12.0 19.5 
12.5 20.0 
13.0 
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letting the parametric function value, the necessary computations before 
approximating the gradient are summarized Table 


PF(73,24) 


14.22 
Then 


Therefore GM(XB), 


Discrete points along integer gradient direction were generated Eq. 
For the first iteration the search, the best point located the third discrete 


TABLE 3.—Penalty Function Calculations for XB, and Its Principal Neighborhood 


(66,20) 


point form point (XB), which Results from the first iteration 
the search are summarized Table total three iterations discrete 
searches were necessary reach the discrete optimum the first unconstrained 
optimization problem the sequence. This point designated point (X*,r,), 
for which 


discrete optimal solution the original constrained optimization problem 
was reached the discrete optimal solution the fourth unconstrained problem 
discrete searches were necessary from the initial feasible solution reach 


(1) (2) (3) (4) 
(74,24) 568.80 3.0504 601.58 
(75,24) 598.20 3.5383 626.46 
(73,24) 564.39 2.9737 598.02 
(74,25) 577.80 3.1684 609.36 
(74,23) 599.80 2.9222 594.02 
TABLE 4.—Summary First 
(XT) F(XT) PF(XT) 
(1) (2) (3) (4) (5) 
(72,23) 532.16 2.4455 573.05 
(70,22) 499.94 1.9132 $52.21 
(68,21) 543.60 1.1038 544.19 


DISCRETE STRUCTURAL OPTIMIZATION 


that point. Fig. shows how the search progressed, and Fig. shows profiles 
the values PF-function and F-function each iteration the search. 
The sequence discrete unconstrained optima with other corresponding values 
are summarized Table 

From Table evident that discrete local optimum the original 
constrained problem point (X*,r,). The optimal solutions the remaining 
unconstrained problems the sequence, which ..., remain this 
point while the values P-function become closer the value the locally 
optimal objective function the constrained problem. can seen that 
the optimal solution X*, the cross-sectional area the reinforcing steel 


,Design Number Beam Width 


Design Number Reinforcing Bars 


FIG. 2.—Search Process Leading Optimal Solution 


8.00 in. 8-#9 bars, the width the beam 8.0 in., F(X)* $379.20, 
and 0.0336. 


Discrete Optimization Frames 


The approach presented above applied the design steel building frames 
which the beams and columns are prismatic and are made standard sections. 
assumed that the geometric configuration the structure given, that 
the loads are static and deterministic, and that the constraints are based 
the AISC Specifications (7). The objective function the total weight the 
structure. The constraints limit the maximum stress due the combination 
bending moment and axial force, taking the slenderness the members 
into account. Sidesway can conveniently constrained, however, has not 
been considered the examples presented. 
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Since the allowable stresses are provided accordance with the type 
loading, the constraint functions are formulated for typical beam and typical 
column under different loading conditions accordance with the AISC Specifi- 
cations. There one constraint for each member for each load. Thus, indicates 


Value PF(X,r) 
Value 


Iteration 


FIG. 3.—Profiles Values PF(X,r) and F(x) 


the constraint corresponding the jth member when the structure subjected 
only one load. Where there are more than one loading conditions acting 
alternately the structure, indicates the constraint corresponding 


600 
550 
Ww 
400 
350 
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the j-th member subjected loading condition where the total number 
members. 

The gravity loads consist the dead and live loads, and for simplicity 
will assume that the live load acts all floors with the dead load. typical 
beam steel building frame subjected uniformly distributed load 
intensity has three joint forces each end shown Fig. 4a). However, 
formulating the constraint function for the beam, the axial force has been 


TABLE 5.—Sequence Discrete Unconstrained Optima 


Objective Con- Penalty Penalty 
(3) (4) (5) (6) (7) 
(XB,r,) (74,24) 
(69,19) 
(66,17) 
(65,17) 
(65,16) 
(65,16) 
(65,16) 


~— 


(Hg) 


Column 


Typical Beam Column 


FIG. 4.—Typical Building Beam and Column 


neglected. From Fig. 4(a) can seen that the governing moment 
the largest the three moments and (M,),. The jth constraint 
can expressed follows 


which the allowable stress steel which taken 66% the yield 


10? 
Vj 
Beam 
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point stress steel; and the section modulus beam 
accordance with the AISC Specifications the similar fashion from Fig. 
4(b) the column constraints can expressed follows: 
(F, F, a/vj 


(f.), 


when 


which (f,), and (F,), the computed and the allowable stresses column 
applied the bending term. 


TABLE 6.—Design Space for One-Story Four-Bay Unsymmetrical Frame 


nation inches nation inches 
(7) (10) 

167 

176 

184 

193 

202 

219 

228 

237 

246 

264 

287 

314 

320 

342 

370 

398 

426 

455 

500 

550 

605 

665 

730 


; 
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kif kif 2.0 kif 


(a) Gravity Loads Only 


2.0 kif 2.0 


(b) Combined Gravity Loads and the 
Wind Load Acting from the Left 


2.0 kif kif 2.0 


(c) Combined Gravity Loads and the 
Wind Load Acting from the Right 


Note: 


4.45kN 


FIG. Numbers for Different Loads 


accordance with the AISC Specification, allowable stresses, and (F,), 
may increased one-third above the values provided for gravity loads. Thus, 
for wind and seismic loadings, the combination gravity loads and wind 


and seismic loadings, the jth constraint corresponding beam 
follows: 


and the jth constraint corresponding column follows: 


Pris Pig 
10" 
Pos $27 
Pr9 $20 Pox 
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min 


accordance with the method developed, each iteration the forces should 
calculated each member each joint iteration. convenient displacement 
method has been used for this purpose. 

Several large steel structures have been designed this approach. Specifically, 
two examples reported, namely, one-story four-bay unsymmetrical 
frame and eight-story three-bay symmetrical frame. 

One-Story Four-Day Unsymmetrical Frame.—The dimensions and the loads 
are shown Fig. There are three loading conditions and nine members 
nine design variables shown. The solution space given Table 
and limited standard sections. There are total nine constraints 
for each the three loading conditions. There are three constraints per member 
for the combined loading conditions. Fig. shows the constraint numbers for 
the various loads. 


will first solve the problem for the gravity loads only and will start from 
the following initial point: 


398 0.8746 
398 0.9256 
398 0.9213 
398 0.8180 
398 0.7805 
398 0.8718 
398 0.8037 
398 0.7637 


The objective function value the initial design 89,550 lb. With the first 
penalty function parameter 8,333.46, the PF-function value the base 
point 179,100. Using one-sided gradient approximations, the integer gradient 
direction the base point generated. The integer gradient direction vector 
and the best integer point obtained from the search the direction the 
integer gradient are follows: 


ST11 
(<) 
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320 
320 
264 
264 
202 
228 
202 
202 


The best point along the integer gradient direction GM(XB), located the 
4th integer point; that is, The PF-function value 155,934 which 
corresponds the objective function value 53,400 lbs. The total weight 
the structure reduced magnitude 36,150 the first iteration. 
The optimal solution the constrained problem reached when 0.00012: 


0.0817 
0.1683 
0.0081 
0.0002 
0.0076 
0.0158 
0.0078 


The optimal PF-function value 14,375.64 and the optimal objective function 
value 14,375 lb. Fig. shows the optimal solution. took iterations from 
the initial base point the optimal solution. Member end moments and member 
axial forces the least weight structure are summarized Table this 
case all the constraints are nearly active except the constraint corresponding 
the third column. 

will consider next the alternate loading condition which the gravity 
loads and the wind load act alternately shown Fig. this case there 
are total constraints. The initial base point (35,35,35,35,35,35, 
35,35,35), W14 287 the section selected for all nine members the 
frame. The initial objective function value 64,575 with 1,952.56, 
and PF(XB), 129,150. Using one-sided gradient approximations, the integer 


gradient direction vector and the best integer point obtained from the search 
are follows: 
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TABLE 7.—Member Forces for Optimal Design One-Story Four-Bay Frame Subject- 
Various Loads 


Axial Force, kips tension) Moment, inch-kips clockwise) 
Load Load Load Load Load 
(2) (3) (4) (5) (6) 


+2,592 
+1,007 
+258 
+82 
+179 
+51 
—2,508 
—1,368 
—2,592 
+3,112 
+1,509 
—1,767 
+3,206 
—3,386 
+2,508 


Note: kip 4.45 kN; inch-kip 0.113 kNm. 
Load Gravity Load Only. 

Load Gravity and Wind. 

Load Alternate Loads. 


237 

158 

158 

136 

158 


The objective function value the best point 39,425 lb; reduction 
38.9% from the initial design weight. The optimal solution the constrained 
problem obtained the 34th iteration, and the least weight structure 14,375 
Ibs, with 0.00012 and PF(X)* 14,375.61. The optimal solution shown 
Fig. and also listed below: 


(1) 
+1,370 +1,694 
+191 +301 
+165 +289 
+2,986 +2,870 
+1,457 +1,404 
+3,176 
+2,367 +2,206 
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From those values, can seen that the gravity loads govern the optimal 
design; that is, eight out nine gravity load constraints are nearly active 
the optimal solution while the rest the constraints are far from being active. 
also important note that the optimal solutions the frame subjected 
gravity loads only and the frame subjected three alternate loads are identical. 


W14x48 W14x78 


W14x43 


Weight= 14,375 
4.45N 


FIG. 6.—Optimal Solution 


Member end forces the least weight structure are summarized Table 
Sidesway the least weight frame 0.17 in. 

Eight-Story Three-Bay Symmetrical Frame.— Dimensions and all possible design 
loads for the eight-story three-bay symmetrical frame with fixed bases are shown 
Fig. 7(a). There are members the frame with colums and beams. 
However, there are only variables, since assumed that the beam sections 
are the same each floor, and the column sections are the same for two 
consecutive stories. total 137 standard sections are available for the 
design, and are listed Table There sidesway limitation this problem, 
and the effective length factor for all columns assumed 2.5. There 
are two different loads acting the frame, namely, gravity loads only, and 
combined gravity and wind loads. These two loading conditions are treated 
the independent alternate loads acting the frame. There are total 
112 constraints this problem. Fig. shows the numbers assigned each 
the variables. 

130, which corresponds W14 246 for all columns, and 
398 for all beams. The objective function value the initial design 
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TABLE 8.—Design Space for Eight-Story Three-Bay Frame 


Desig- square Desig- square cubic 
nation inches nation inches inches 
(2) (3) (6) (7) (8) (10) 


8.5 14.8 W24 100 29.50 3,000.0 250.0 
88.0 W30 108 31.80 4,470.0 300.0 
16. 105.0 W27 114 33.60 4,090.0 300.0 
81.9 W30 116 34.20 4,930.0 329.0 
18. 25.4 W33 118 34.80 5,900.0 359.0 
485.0 W36 182 53.60 11,300.0 622.0 
1,340.0 W33 200 58.90 11,100.0 671.0 
986.0 W30 210 61.90 9,890.0 651.0 


vn 
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TABLE 8.—Continued 


264 
W36 280 
287 
300 
314 
320 


W10x21 w10x21 


7 at L1ft-Oin = 7 7ft-Oin 


i 


W 14x34 


W 24x6) 


w 24x68 


3 at 22ft-Oin = 66ft -Oin 


(a) The Acting Loads (b) The Optimal Solution 
1ft=0.305m 1Lkip=4.45kN 
kip/ft= 14.59 kN/m 


FIG. 7.—Eight-Story Three-Bay Symmetrical Frame 


300,672 with the initial 2,354, and the PF-function value 601,344. 

The optimal solution reached when the penalty function parameter has 
been reduced 0.0006. The optimal and objective functions are 39,598 
and 39,598 lb, respectively. optimal design, the maximum sidesway 2.50 
in. The optimal solution presented Fig. 


53 | W21 x 73 21.50 1,600.0 151.0 | 122 427.0 
23.20 663.0 107.0 127 493.0 
62|W14 x 87 25.60 967.0 138.0 | 131 707.0 
LO kif 
ll 
7 | 
© = 
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FORTRAN program was developed carry out the computations involved 
the aforementioned problems. The input information was the geometry 
the structure, the available discrete solutions, loads and the design constraints. 

There are two levels convergence the penalty function approach. The 
first level the convergence reaching the optimal function with given 
parameter The second level the convergence the locally optimal solutions 
the sequence unconstrained problems locally optimal solution 
the constrained problem. For large structures computationally advisable 
reduce soon the first level convergence becomes relatively slow. 

The total number searches increases progressively the size the structure 
increases. Table summarizes the total number searches and computer time 
necessary solve the structural problems discussed this paper. 


TABLE 9.—Summary Computational Effort 


Computer 
Number Number Total number time, 
variables members searches seconds 
(1) (2) (4) (5) 

Gravity only 

Gravity and wind, left 

Gravity and wind, right 

Alternate 

Alternate 


major effort solving large structural problems devoted the analysis 
the structure, since each solution the penalty function for each value 
the penalty parameter requires several structural analyses. Because the 
gradient approximation calculations produce only slight modifications the 
design, the use efficient methods reanalysis for modified structures will 
necessary before many larger problems can solved with the approach 
described this paper. 
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The following symbols are used this paper: 


area reinforcement; 

width beam; 

coefficient; 

effective depth beam; 
allowable axial stress; 

allowable bending stress; 

Euler critical stress; 

computed axial stress; 

computed bending stress; 
strength concrete; 

yield point stress; 

dead load moment; 

live load moment; 

ultimate moment; 

number inequality constraints; 
number equality constraints; 
penalty function parameter; 
smallest (in absolute value) element S(XB); 
relative gradient direction vector SB; 
objective function; 

gradient 

interior penalty function; 
parametric objective function; 
relative gradient direction; 
inequality constraint; and 
equality constraint. 
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RESPONSE MEASUREMENTS FOR GLASS 
CLADDING PANELS 


the past, greater analytical attention has been paid major building 
components (foundation, frame) than architectural details such the cladding 
window systems. The principal reason is, course, that the failure 
major component would catastrophic. However, the increasingly frequent 
failure windows and cladding perform intended has noticeably increased 
the economic risk advanced design concepts. Clearly, many the failures 
windows and cladding assemblies, reported not, can generally attributed 
improper design. The solution these problems not always direct, 
however. While all important factors may not have been considered, also 
possible that some factors were previously unknown. The use new materials 
and advanced construction techniques makes imperative that not only all 
significant loads are defined, but also that the various response patterns are 
properly identified and understood. 

rational methodology for designing building cladding, and windows 
particular, has lagged behind other areas structural design, and only recently 
have attempts been made characterize the nature localized loadings 
There have been scattered attempts ascertain the localized structural 
response these forces (6), and least one experimental facility has been 
built simulate the anticipated conditions (8). 

far response characteristics failure modes are concerned, there 
much conjecture but little hard evidence. has been observed that pressure 
loads may, certain circumstances, cause window panes actually ejected 
from their glazing, but often assumed that the force responsible for this 
quasi-static pressure load due largely wind suction effects. Instances 
are often recorded, which the light does not appear fracture before leaving 
the glazing, and consequently can assumed that glass fracture itself 
not the sole consideration. There has been real attention directed toward 
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possible dynamic mechanisms which might play role this ejection type 
failure lights. 

interesting failure mode involving excessive deflection, coupled with 
dynamic response, has been suggested windows that are doubly glazed. The 
proposed failure mode, particularly for those windows incorrectly incompletely 
installed, involves sharp transient vibration the panes which each moves 
out phase with the other. sufficient amplitude developed, the panes 
might actually come into contact, and while the ultimate failure due breakage, 
the initiation might the result dynamic response the window. 

Dynamic processes would present some degree curtain wall windows 
all sizes, but the effects may become more pronounced larger windows. 
these cases, the natural frequencies are lower and the vibrations are often 
higher amplitude. Since pressure loading increases the square the 
dimensions, the restraint forces per unit length along the boundaries are increased 
direct proportion the edge dimensions. This requires correspondingly heavier 
glazing and magnifies dynamic effects. 

examining the overall design curtain walls, appears reasonable 
inquire the possible effects the vibration behavior lights, well 
other component panels, the structural performance the assembly. 
The work reported here part recently completed study assess the 
nature cladding loads, and predict the response these loads (2). This 
study involved both field measurements local pressure loads story 
high-rise building Atlanta, well design and construction laboratory 
test facility capable simulating normal and extreme dynamic pressure loads 
full-scale cladding assemblies. The models and the substantiating experimental 
testing are based the cladding actually employed the building. While 
somewhat specific application, the methodology and much the results 
are generally applicable lightweight cladding systems. 


Cladding Description.—A typical portion the glass cladding between story 
levels the prototype structure shown Fig. The curtain wall composed 
single-glazed spandrel panel, and double-glazed insulating window supported 
neoprene gaskets extruded aluminum framework. The mullions are 
pin-supported floor levels, shown Fig. and are spliced near the 
anchor points two-story intervals. The double-glazed window itself detailed 
later section testing. Finite element and continuum models the cladding 
were developed and used static and dynamic analyses the window-framework 
assembly. 

Finite Element Model.—The frame-finite element model Fig. repre- 
sentation the window-frame subsystem. Two-dimensional stretching and 
bending elements (3) were used model the glass panel, space frame elements 
with elastic connections were employed account for the stiffness the 
framework, and linear springs were used connect panel and frame nodes 
the model place the continuous neoprene gasket. The gasket springs 
Fig. account for the resistance the boundary in-plane motions, either 
parallel, perpendicular the panel edge, and out-of-plane motions, 
either normal, k,, the panel due relative rotation, between the 
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panel and frame. Spring stiffnesses were determined from simple laboratory 
static tests (2). Gasket and other model properties are summarized Table 
Panel, frame, and spring elements were assembled form consistent stiffness 


SINGLE -GLAZED 
SPANOREL PANEL 


SPANDREL 


DOUBLE-GLAZED 


SECTION 8-8 


54496 in 


FIG. System in. 25.4 mm) 


MULLION SPLICE LINE TOP SLAB 


BAR 


LOCKING WASHER 


FIG. 2.—Mullion-Slab Connection 


and mass properties for the total structure model. Extraneous degrees freedom 
the panel and frame were eliminated using two-stage condensation procedure. 
Details the model and the analysis procedure have been presented elsewhere 
(3,5) and will not repeated. 
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Model properties were adjusted until displacements and frequencies were 
reasonably close measured laboratory values. System properties which had 


TABLE 1.—Model Properties 


Glass Panel: 


Elastic Modulus psi (69 
Poisson’s Ratio 0.23 
Equivalent Thickness, 0.298 in. (7.6 mm) 
Frame: 
Poisson’s Ratio 0.25 
Mass Density 5.37 (2,766 
Area Moments Inertia 
Mullion Elements Spandrel Elements 
in.* (346.3 3.452 in.* (143.7 
in.* (474.1 2.481 in.* (103.3 cm*) 
in.* (127.7 0.971 in.* (40.4 
Cross-sectional Areas 
Mullion 2.613 (1,686 
Spandrel 1.404 (906 


Gasket Equivalent Spring Constant: 


(560 
(1,358 


ELASTIC 
CONNECTION 


TYPES) 


PANEL DEGREES 
FREEDOM 
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FIG. 3.—Finite Element Model 


relatively more influence the response were studied further for varying panel 
and support parameters. The following results these sensitivity studies are 
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presented for comparison with the laboratory measurements. 

Initially, the double-plate system was replaced equivalent single panel 
represented single-layer finite element model. This model assumed that 
both plates act together and vibrate phase. Vibration frequencies, mode shapes, 
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FIG. 4.—Effect Normal Boundary Spring Fundamental Frequency for Various 
Rotational Boundary Spring Stiffnesses 


=x 
Zz 
oO 
x 
a 
2 
= 


FUNDAMENTAL FREQUENCY, 
(DIMENSIONLESS) 


FIG. 5.—Effect Rotational Boundary Spring Fundamental Frequency for Various 
Normal Boundary Spring Stiffnesses 


and response for in-phase motions were determined. The sensitivity panel 
4and respectively. Variables dimensionless forms the boundary 
spring constants and frame moments inertia, respectively. Parameter 
the nondimensional frequency defined the ratio the natural frequency 
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the model that simply-supported plate. (The nondimensional ratios 
used are defined the Appendix—Notation.) Fundamental frequency seen 
insensitive change normal spring stiffness, which the region 
practical interest (K, 2,811 for the prototype structure). However, 
increase gasket rotational stiffness, led notable increase frequency, 
shown Fig. which 0.642 for the prototype structure. 

Double Panel insulating windows the prototype structure 
are composed two panes glass separated 0.5 in. (12.7 mm) sealed 
air space. double-plate continuum model and parallel-plate finite element 
model were developed investigate the out-of-phase dynamic properties 
the double-panel system. 

The double-plate continuum model, shown Fig. based the assumption 
that the glass unit simply supported within the boundary frame. The metal 
spacer bars the periphery the panel are assumed introduce rotational 


FIG. Continuum Model 


coupling between the plates, represented distributed rotational spring with 
spring constant, K,, units (N-m/rad/m). range values 
K,, expressed terms nondimensional parameters 


was used approximate varying degrees interplate connection the boundary. 

modes vibration which volume change occurs, the air gap was modeled 
distributed linear spring with spring constant, K,, expressed units 
i.e., spring stiffness per unit area. obtain estimates 


2K,b 
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the natural frequencies, the distributed spring stiffness was taken 
different constant each mode vibration. The stiffness, for the entrapped 
air was determined assuming adiabatic compression the volume, and 
neglecting resonances the air mass. linear relationship between volume 
change and pressure change was assumed evaluate K,. Constant was 


computed for the mode the pressure change per unit modal amplitude, 
namely, 


which the pressure change; a,,, the amplitude the mode; 
the adiabatic exponent; 14.7 psi (101.4 kPa); the volume 
change; and the initial volume the air space which equal 2,661 


TABLE 2.—Natural Frequencies Double-Plate System, Continuum Model 


NATURAL FREQUENCY, Hertz 


Simply- 
supported 
boundary 
conditions 


Mode Shape Out Phase, and Included 


This value applies rotationally restrained system with equal 
la. 

With and defined, the governing differential equations were written 
for the double model Fig. 


which and the displacement functions the upper and lower plate, 
respectively. In-phase and out-of-phase vibration modes were considered 
separately the solution Eqs. and for frequencies and mode shapes. 
The results are summarized Table 

The out-of-phase motions the two glass panes the insulating windows 
were also studied using parallel-plate finite element model that symmetric 
about the x-y plane. Discrete springs with spring constants were attached 
between opposite interior panel nodes account for the stiffness the entrapped 


Gan 
(1) (4) (6) 
10.46 120.02 129.35 160.14 
18.09 18.09 20.04 28.44 
30.81 75.60 81.98 112.46 
34.21 34.21 36.86 52.10 
41.84 41.84 44.32 59.80 
48.61 48.61 50.41 62.03 
54.56 54.56 56.85 72.80 
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air the sealed space between the glass panels. Constants, were determined 
multiplying air stiffness, tributary panel area each mode. 

Normal springs the panel boundary, representing the normal stiffness 
the spacer bar between the glass plates, had spring constant, which varied 
between soft, 8.85 10° (1.55 10° and hard 
(8.75 10° values that range frequencies for out-of-phase mode 
(1,1) could determined. The rotational spring the panel boundary, repre- 
senting the rotational stiffness the spacer bar, had spring constant with 
soft, intermediate, and hard values. Out-of-phase frequencies for mode (1, 
are listed Table for various combinations spring constants k,, and 
and are compared with continuum model results. 


TABLE 3.—Natural Frequencies Double-Plate System, First Breathing Mode 


Natural Frequency, Hertz 


(2) 


Continuum* 120.02 129.35 
Discrete, soft spring” 116.93 119.91 
Discrete, hard 118.44 122.28 

Table 


Experimental measurements the window dynamic response were carried 
out the laboratory using full scale test fixture constructed expressly for 
this purpose (2,9). Basically, consists robust vertical hardback capable 
the fixture sealed tight around six large (1.4 pistons which 
are driven servocontrolled hydraulic actuators produce controlled fluctuating 
pneumatic pressures psf (1.2 kPa) amplitude, and frequency 
about mean pressures psf (2.4 kPa). While this facility capable 
producing variety pressure loadings, its use the present work was 
primarily window support fixture and source band-limited Gaussian 
amplitude pressure excitation. Fig. shows the basic facility. 

Test Window and Mounting single story section the 
cladding (Figs. 2), including mullions, muntins, spandrel framing, glazing 
materials, and four double-pane vision lights, was obtained from the fabricator 
and installed the test fixture. actual service, the (7.3 mullion 
sections are pinned the floor slabs (3.6 spacing with splice 
every two stories. But the present case single story spliced configuration 
was constructed. The vision light was in. in. in. (2,515 
1,448 mm) insulated silver reflective glass unit composed two 0.24 
in. (6.4 mm) thick panes bonded along their edges 0.5 in. (12.7 mm) thick 
square steel spacer. Plywood panels were installed around the window the 


Model 10" 
144.68 

156.89 
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manner simulate the effect spandrel sections (single glazing the 
field site) and adjacent windows. The window assembly was oriented with the 
normal surfaces facing outward that building external suction 
(negative) pressures could produced. However, the test fixture capable 
handling negative internal pressures and, only for convenience sealing, 
was limited these tests positive pressures. 

the present study, two major parameters were considered: 


Glazing support conditions—in particular, the effect increased de- 
creased glazing support due precompression the neoprene glazing gasket. 


Window integrity—the effect deformation and stresses maintaining 


hermetically sealed volume (or gap) gas between the two glass panes 
insulating window. 


FIG. 7.—Laboratory Test Fixture 


The first case directly concerned with the effect gasket support conditions 
static response. Rather than consider the more complex case variable 
structural geometry (which has been extensively explored the analytical 
developments), the present tests were concerned with the effect dynamic 
response when more less gasket material forced the glazing, thus providing 
varying degrees gasket precompression. This typically the result 
differences glazing techniques and, for certain designs, the effect perfor- 
mance may substantial. The second case considers window performance 
when the seal between window panes broken, either through aging mechanical 
failure the spacer and sealant. 

The first case was simulated using standard glazing configuration 
which the gasket length was cut exactly equal the window perimeter. Then 
configurations with 10% less and more gasket lengths were used. These 
values were the practical limits the amounts gasket that could removed 
without leaving gaps, the extra length that could forced into the glazing. 
The gasket configuration was quantatively evaluated series 
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laboratory tests (4). Values for the out-of-plane, in-plane, and rotational boundary 
restraint stiffnesses, determined, were used nominal values the analytical 
modelling. 

The second case was simulated boring four 3/8 in. (9.5 mm) holes through 
the insulating window spacer and into the internal volume. These were located 


CVI 


CHI 


strain gages 
displacement gages 


FIG. 8.—Reference Measurement Locations Test Window 


near each corner and were fitted with removable rubber plugs allow simulation 
either configuration. One plug was fitted with 
pressure tap allow measurement the internal pressure under 
conditions. 

The test window, with strain gages attached, was mounted the framing 
and glazed with the specified amount gasket material. The window was 
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supported glazing blocks and carefuily centered with uniform penetration 
the mullion and spandrel sections approximately 0.5 in. (13 mm). 

Measurement and Analysis Methodology.—The strain gage and linear variable 
differential transformer (LVDT) instrumentation, shown schematically Fig. 
was used for the dynamic response measurements. The output from the 
proportional the transverse displacement the glass that point. 
The strain gage output due glass strain the measurement point. For 
the range deflections and loads used for the tests, the strain due primarily 
the plate curvature, and thus, the gage output can directly related 
the plate deflection. Strain gages are relatively inexpensive and simple use 
and since, contrast the LVDT’s, require special reference mounting, 
they have been employed the primary dynamic response transducers. 

The primary objective the dynamic response testing was determine the 
basic modal characteristics the window assembly for systematic variations 
the boundary restraint. The classical approach this type problem has 
been provide means for dynamically exciting the structure, and then 
measure and identify the response each the natural modes vibration 
within the frequency range interest. Typically, harmonic excitation used 
and the frequency swept slowly over range, while the phase and amplitude 
measurements selected points are used identify normal mode response. 
The present work, however, was based the use both band-limited random 
and transient forcing functions which excite all modes interest concurrently. 
Digital time series techniques, particularly the FFT (fast Fourier transform), 
were then used simultaneously analyze the response over the frequency band 
interest and extract the modal parameters. The analysis was based largely 
around the capabilities and features the Fourier Analyzer System 
which was used for the acquisition and processing the dynamic response 
time series. 

Input Excitation.—The full-scale test facility was used produce the dynamic 
excitation, but two different procedures were employed depending which 
aspects the response were being analyzed. The first procedure consisted 
using the closed-loop servocontrolled hydraulic system produce time varying 
pneumatic pressures across the test window. time varying electrical signal 
was applied the control system which turn caused hydraulic actuators 
displace two large doors, pneumatic pistons, located the rear side 
the test fixture. The door motion produced corresponding time varying pressure 
fluctuations the test facility and, thus provided the desired fluctuating 
differential pressure across the test window. Band-limited, Gaussian amplitude 
white noise was used the excitation signal. This manner excitation closely 
resembles the character actual service conditions, but due the window 
and test fixture symmetry, was only possible excite symmetric modes 
this way. 

alternate method was developed excite unsymmetric modes and was 
used along with the random excitation. This method was basically impulse 
excitation applied unsymmetrically point the window. Due the relative 
inaccessibility the window surface the test chamber inside, single input 
point was chosen and multiple response points were used. The impulse was 
applied hand using large mallet with suitably cushioned head provide 
the necessary impulse energy over the frequency range interest. 
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The modal parameters were obtained from measured transfer functions 
using the curve-fitting algorithms incorporated the Modal Analysis software 
(11) the HP5451B Analyzer. Each mode was identified the phase relations 
between transfer functions each the measurement points. With reference 
the arrangement sensors shown Fig. possible this way 
detect modes with three nodes the vertical and two nodes 
the transverse directions (3-2 mode). For each test, ensemble averaging was 
used reduce the variance acceptable level, and the transfer function 
data were rejected the computed coherence function was poor quality 
(below about 0.80). 

Nominal Gasket.—Table shows the modal frequencies and damping for the 
nominal gasket configuration. The results are shown for both the sealed and 
vented interpane void tests, and, for comparison, the continuous and discrete 
analytical predictions are also listed. Several points are noteworthy: 


TABLE 4.—Frequencies and Damping for Nominal Gasket and Sealed Interpane Void 


Parameter 
(2) 
Frequency, Hertz 
element model with measured properties. 
model for simple support. 


“Continuum model, interplate restraint from infinite, out-of-phase modes involving 
opposing movement. 


The experimental results identify not only the first four ‘‘classical’’ plate 
modes, but also the and possibly the modes. the classical modes, 
the two plates move together and the window behaves like equivalent single 
plate; while for the primed modes, the two plates move opposite directions. 
This behavior may may not involve net interpane compression breathing 
action, depending the mode shape. The primed modes are the even-odd 
type and thus not involve net void volume change (breathing). They do, 
however depend the interplate rotational coupling the edge. This coupling 
stiffness was not quantitatively assessed, but from the model results the 
frequency could range from 18.09-22.44 the rotational stiffness, varies 
from The observed frequency falls near the lower end this range 
which indicates that this type boundary coupling not particularly strong 
for the present type window. This kind motion perhaps more interest 
analytically the laboratory than practice. For practical sized windows 
(areas less than about the critical frequencies are generally well 
above the frequency band containing most the driving power typical 
installations. Furthermore, these unsymmetric modes are driven most effectively 
nonuniform pressure distributions across the window. For large, doubly glazed 
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windows situations where significant variations pressure distribution over 
the surface may exist, this type behavior should evaluated. Changes 
boundary restraint not appear very effective changing the situation, 
but proper specification the spacing the panes should eliminate this factor. 

The measured damping excess for most modes, which somewhat 
large for metal glass structures alone. This behavior largely due the 
viscoelastic properties the boundary gasket, especially for the classical plate 
modes. The damping values for the primed modes are considerably smaller 
and reflect the reduced participation the gasket this type response. 
From design point view, this suggests that glazing properties, through 
their viscoelastic behavior, might used control peak dynamic response 
the classical plate modes, but would likely have little effect the primed 
modes which could lead the possibility interplate contact, especially for 
very large panes with strong nonuniform pressure loadings. 


TABLE 5.—Dependence Modal Values Gasket Restraint 


1-1 Mode 1-2 Mode 


Frequency, Damping, Frequency, Damping, 


(2) (4) 
(a) Sealed 


The effect interpane venting essentially negligible for the present 
conditions. This basically agreement with the analysis since for the lower 
modes there should net interpane volume change. The effect would 
factor only for the breathing modes, the lowest which near 100 Hz, 
and that frequency the present holes would insignificant size. contrast, 
the static response highly affected. 

clear normal mode response was not observed for some the modes. 
This can attributed part the high damping, but was largely due 
the tendency the two plates comprising the window behave slightly differently 
rather than unison for each mode. This effectively resulted two very 
closely spaced modes which proved impossible detect hand and difficult 
best handle with the modal analysis software. 


(1) (5) 

10.18 5.7 17.54 3.5 

10.23 6.0 19.31 3.5 

+5% 10.01 3.5 19.70 2.6 
(b) Vented 

9.95 5.7 17.49 3.1 

10.16 7.6 19.40 

+5% 10.48 7.8 19.67 2.9 
(c) Average 

10.06 5.7 17.52 3.3 

10.20 6.8 19.36 3.5 

+5% 10.25 5.8 19.68 2.8 
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Boundary Gasket Effect.—The effect variation the boundary gasket support 
stiffness shown Table The data cover the first two modes for both 
vented and sealed interpane conditions. before, these data were obtained 
from transfer functions using the analytical curve-fitting software. Several 
features are noteworthy: 


There little difference between the vented and sealed interpane void 
data, was anticipated and observed the previous results. For clarity, these 
two cases have been averaged together and listed the lower lines the 
modal values. 

There consistent trend which the frequencies increase the boundary 
support stiffened. This seen most clearly the ‘‘average’’ values and 
most pronounced for the higher mode. This type behavior fully consistent 
with the analytical predictions. 

The damping not appreciably affected alteration the glazing gasket, 
presently accomplished. However, observed earlier, there substantial 
change the damping from mode mode. 


Analytical studies have focused attention the properties and behavior 
small segment the exterior curtain wall encompassing the frame, gaskets, 
and single double-plate glass panel. The model general scope and 
permits wide range cladding configurations and loading types considered. 
Response was shown sensitive gasket rotational stiffness and frame 
flexural stiffness. The analytical cladding model compatible with existing 
three-dimensional multi-story building models, and currently being used 
study cladding-structure interaction high-rise buildings. 

The modal tests, using either impulse uniform random pressure, have yielded 
frequencies, damping, and mode shapes for the double-glazed window when 
supported manner closely duplicating the actual service conditions. The 
measured frequencies agree reasonably well with analytical predictions, although 
sufficient experimental measurements were not made adequately define those 
modes involving significant boundary movement. Damping values tended 
rather large for glass metal structures, result the viscoelastic 
boundary restraint provided the glazing gaskets. However, variations the 
amount gasket material used the glazing produced insignificant changes 
damping. 

The most significant result the tests was the detection the primed modes 
which the two panes move opposite directions. Since the damping was 
found relatively low the lab tests, the possibility exists that these 
modes could excited relatively high amplitudes, especially large windows 
where nonuniform pressure loading may occur. Finally, major effort was 
made closely simulate actual conditions, and this yielded results close 


agreement with field and analytical studies, thus providing confidence the 
analysis. 
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area quarter panel (ab/4); 
amplitude mn-th mode; 
a,b,h glass panel dimensions; 
plate flexural rigidity; 
dimensionless frequency; 
moments inertia for frame elements; 

mullion; 
mullion; 
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spandrel; 

spandrel; 

boundary and air gap spring constants for double-plate model; 
constants for gasket spring elements; 

air gap spring constant for discrete model; 
atmospheric pressure; 

initial interpane volume; 

lateral deflection glass panels; 

interpane pressure change due mn-th mode; 
change interpane volume due mn-th mode; 
adiabatic exponent; 

dimensionless form for and 

mass per unit area plate. 
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EXTENSIONS CURVED PRESTRESSED 
CONCRETE BEAMS 


Carlo and Luigino 


INTRODUCTION 


continuous beams with straight centroidal axes, Guyon’s theorem assures 
that when steel profile linearly transformed, the thrust line remains unchanged 
(8). linear transformation rotation the line connecting the cable location 
support points, keeping the two end points fixed. The curvature remains 
unchanged.) 

This theorem permits appreciable simplifications the study thrust lines 
continuous beams. fact, starting from cable line coincident with the 
thrust line (concordant), linear transformations can made which result 
thrust line for statically determinate structure. 

curved beams, this theorem longer holds, will shown, because 
the curvature the horizontal plane which the cable must assume follow 
the beam’s centroidal axis. 

this paper, the theorem Guyon reconsidered for continuous curved 
beam and those forces that invalidate the theorem are determined terms 
equivalent loads. For these loads, influence coefficients for stress resultants 
and rotations the ends each single span are obtained. These coefficients 
are used determine the effect linear transformation the two most 


common schemes used continuous beams, and the results obtained are compared 
with those for straight beams. 


Curveo Beams 


Consider continuous curved beam supported pairs point supports 
which maintain torsional fixity while permitting relative deformation the 
horizontal plane. this way, horizontal forces are induced that the 
precompression transferred the structure without modification. 

order realize the above support conditions continuous beams, the 
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roller supports must oriented, plan view, along the lines between them 
and the fixed support since along these lines that the beam shortens 
result the compressive prestress. For fuller discussion this subject, 
see Ref. 

what follows, the assumption usually made for beams with large span-to-depth 
ratios, that the supports are effectively the centroid the section instead 
the bottom, implicitly made. The error introduced this approximation 
negligible, e.g., for bridge structures. 


FIG. 2.—Three-Span Prestressed Beam with Two Cable Profiles—Plan and Elevation 


The centroidal axis the beam referred system polar coordinates, 
oriented Fig. which forces exerted between cable and concrete will 
referred. 

such beam, consider prestressing cable laid out along the centroidal 
axis such that has only vertical eccentricity, denoted z(@). the absence 
external loads, the prestressing force, the cable constant over its 
entire length. 

further assumed that the curve the cable sufficiently flat that 


FIG. Prestressed Beam Several Supports 
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the tangent can approximated its horizontal projection and the normal 
with its vertical projection. 

Referring continuous three-span beam (Fig. 2), consider two cable profiles 
differing only linear transformation. The forces exerted the cables 
the concrete may outlined (10) 


Horizontal forces, equal the tension, applied the two end sections. 

Vertical forces, exerted the supports, equal the vertical component 
the tension. 

Vertical pressure, p,, due the vertical curvature the cable, equal 
which primes denote differentiation with respect 

Radial pressure, p,, produced because the curvature the beam, equal 
F/R. 

Distributed torsional couples, m,, resulting from the eccentricity the 
points application the radial pressure equal p,z Fz/R. 


result the linear transformation, therefore, the force, and the 
pressures, and p,, remain unchanged. The forces, change because 
the different slope the cable, the torsional couples, m,, since the 
eccentricity changes. While the forces, act directly the supports, the 
couples, m,, modify the state stress the structure. 

This result makes Guyon’s theorem invalid for curved beams. these 
structures, when linear transformation performed, necessary add 
the effects the torsional couples. 

Having effected rigid body displacement the cable, the distribution 
couples linear. Referring Fig. which and are the displacements 
occurring the intermediate supports (see Appendix I), the following expressions 
are obtained: 


1 1 


3 3 


evaluate the effects these couples, statically indeterminate problem 
must solved. this end, the beam may cut the supports and the 
bending moments and chosen redundants, shown Fig. 
Continuity flexural rotations and require that 


which W,,, and flexibility coefficients; and the 
rotation produced the torsional couples, m,; and II, denote the spans 


(3). 


The combination the stresses produced the couples, m,, and the 


NOVEMBER 1981 


FIG. 3.—Redundants for Three-Span Prestressed Beam 


| 


M, (8) maR isina 


FIG. 4.—Stress Resultants and End Rotations Due Twisting Couple Applied 
Ends Span 
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redundants and constitute the effect the linear transformation (Fig. 
3). 

order evaluate numerically these contributions, expressions for the stress 
resultants and for the end rotation are given for three possible distributions 
twisting moments Fig. Only the results corresponding the distributions 
Eqs. and are exhibited because that Eq. may obtained from 
these superposition. this table, m,, and m,, are the values the applied 
distributed twisting couples the supports and and are the induced 
shear, bending moment, and twisting moment. The positive sense the flexural 
rotations the supports, and are indicated the figures accompanying 
the table and and are the flexural and torsional stiffnesses, respectively. 


FIG. 5.—Plots and 


The functions and appearing Fig. are given 


and plotted Fig. 


For small curvature, and approach zero and the effect the couples, 
m,, becomes negligible. the limit the case straight beam 
obtained for which W,, 


APPLICATIONS 


using the coefficients Fig. two applications are developed, and the 
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results obtained are compared with those straight beam. 

The two most common cases continuous beams, those with two three 
spans, are considered. reduce the number variables, assumed that 
the spans are equal with equal curvature. 

Furthermore, for simplicity the cable taken initially straight, concordant 
and coincident with the centroidal axis. This choice does not limit validity 
the results since the effects linear transformation are independent the 
initial profile. 

Referring the beam Fig. consider displacement, the cable 
the intermediate support. established the previous section, distribution 


FIG. 6.—Continuous Two-Span Beam with Concordant Cable Coincident with 
Centroidal Axis and Linear Transformation 


FIG. 7.—Plot for Beam Fig. for Various Values 


torsional couples produced given 


the second span 


evaluate the effects these couples, the structure cut and the 


obtained 


7 10° 20° 30° 40° 50° 60° 70° Bo° 
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GI, 


using the first expression for Fig. with sign reversed, for 


Q0° 05° 10° 15° 20° 25° 30° 05° 10° 15° 20° 25° 30° 9. 


T/Fe(m') 


M/Fe 


FIG. 8.—Shear, Bending Moment, and Twisting Moment Diagrams for Beam Fig. 


For straight beams, would zero. Fig. plot the nondimensional 

seen that, accordance with the curve plotted Fig. the 
value tends zero the angular opening decreases. There seen 
strong dependence the ratio flexural torsional rigidity; M,/ 
increasing with this ratio. 
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40°, may noted that the moment induced less than 10% the product 
Fe. 


complete the example, the stress resultant functions due and 
are obtained for the first span 


sind 


—Fe 


while those for the second span follow symmetry. 


FIG. 9.—Continuous Three-Span Beam with Concordant Cable Initially Coincident 
with Centroidal Axis and Linear Transformation 


0.045 and the stress resultant diagrams 12, 13, and are displayed 
Fig. The flexural moment has maximum value the intermediate support, 
that the graphs Fig. depict the controlling moment. 

Curved beams must resist both and torsional moments. The compressive 
prestress concordant cable only partially effective because cannot 
provide resistant torsional couple (6). Fig. shows, however, how appropriate 
linear transformation may used provide such capability. 

order produce distribution torsional moments with sense opposite 
those produced the external loads, the designer must provide for upward 


(12) 
20 ior 40° 60° 70° 4 
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displacement the curve. lowering the cable would produce undesirable 
contrary effect. 

seen, then, that produce linear transformation favorable torsional 
resistance, the concordant cable (position Fig. must not have, with 
respect the intermediate supports, the maximum eccentricity permitted 
the cross section. This requires, however, greater precompressive force 
the cable than would necessary optimal eccentricity were used. This 
constitutes, therefore, limitation constraint the procedure described 
above, weighed against the benefits obtained when torsion plays important 
role. 

Repeating the above procedure for curved beam with three equal spans 
(Fig. 9), for which the equations compatibility, Eqs. 
and reduce 


that 


2 Woe Wac 


El 


El 


when the upper half Fig. used for and the sum both W,, 
for all three cases, signs are changed. 

The variation with plotted Fig. for various value 
illustrating behavior quite similar that two-span beam. 


Guyon’s linear transformation theorem for straight beams not strictly valid 
for curved beams and must modified. 

When linear transformation performed for such beams, linear distribution 
torsional couples introduced which modifies the initial state compressive 
prestress. 

Expressions are obtained for determining the effects these forces. Two 
examples are worked out which illustrate that the correction the bending 
moments and shears obtained assuming straight beams not too important 
and may neglected most cases. 

result linear transformation, however, internal torsional moments 
considerable magnitude can produced the precompression forces 
the cable. With appropriate selection cable placement, these moments 
may used resist the torsion produced the external loads. 


result the transformation Fig. internal torsional couples are 
created with the distribution 
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whic 


and the eccentricity z(@) has linear variation: 


inspanl 


=e, 


3 


Multiplying Eqs. 19, 20, and F/R,, and F/R,, respectively, Eqs. 
and are obtained. 
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The following symbols are used this paper: 


A,B,C,D subscripts denoting cross sections; 
Young’s modulus; 
displacement supports; 
horizontal tension applied two end sections; 
functions defined Eqs. and 
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shear modulus; 

superscripts denoting span number; 

second moment cross-sectional area; 
polar moment cross-sectional area; 
bending and twisting moment; 

distributed torsional couples; 

radial and vertical cable pressures; 

global radial coordinate beam centroidal axis; 
local radial coordinate; 

denotes generic section beam; 

local tangential coordinate; 

vertical support forces; 

flexibility coefficients; 

rotations sections and 

local vertical coordinate; 

included polar angle; 

included angles each three spans; and 
polar angular coordinate. 
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SHEAR STRENGTH R/C 
CONNECTIONS 


Donald and James Members ASCE 


The first experimental tests beam-column connections were conducted 
the United States the Portland Cement Association the early 1960’s 
and were published Hanson and Conner (7) 1967. These tests have become 
the standard reference for subsequent investigations. Hanson and Conner 
concluded that when the strength the beam-column connection shear was 
computed using equations developed for reinforced concrete beams, satisfactory 
estimate the response the beam-column connection under repeated load 
was obtained. 

Since the 1960’s, other investigators have provided more data applicable 
the beam-column connection design problem. However, recent report 
ACI-ASCE Committee 352, Joints Monolithic Reinforced Concrete Structures, 
additional areas needed research the behavior beam-column connections 
were cited (18). 

chronologically, other experimental investigations beam-column 
connections summarized Table While each research program had slightly 
different objectives, the thrust the majority the programs has been twofold: 
(1) develop construction details provide and maintain ductility under repeated 
loads the beam-column connection; and (2) provide anchorage for the 
beam reinforcement exterior connection where unbalanced moment 
produces shear the connection and aggravates the anchorage conditions. 

several investigations simulated seismic loading history was applied 
test specimens. Fig. shows sample some the loading histories. 
most cases, the loading history was based curvature deflection ductility. 
Several have considered the effect the number load reversals 
behavior. The assortment loading histories used different test programs 
makes direct comparison the experimental data difficult. summary, there 
has been major emphasis seismic behavior and little concentration 
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the basic shear strength characteristics beam-column connections reinforced 
concrete. 

Failure Modes Region Beam-Column Connection.—Five different modes 
failure are possible the beam-column connection region. The most desirable 


TABLE 1.—Test Programs R/C Beam-Column Connections 


Con- 
nection Ref- 
Authors type erence 
(2) (4) (5) 

Hanson and PCA Labs, Skokie, Illinois exterior 
Conner 

Higashi and Tokyo Metropolitan Univ., Japan interior 
Ohwada 

Hanson PCA Labs, Skokie, Illinois interior and 
exterior 

Megget and Park Univ. Canterbury, New Zealand exterior 

Hanson and PCA Labs, Skokie, Illinois interior and 
Conner exterior 

Kordina and Technical Univ.-Braunschweig, exterior 
Schaaff Germany 

Patton Univ. Canterbury, New Zealand exterior 

Renton Univ. Canterbury, New Zealand exterior 

Smith Univ. Canterbury, New Zealand exterior 

Park and Univ. Canterbury, New Zealand 
Thompson 

Uzumeri and Univ. Toronto, Canada exterior 
Seckin 

Preistley Ministry Works, New Zealand interior 

Gulkan Mid. East Tech. Univ., Ankara, interior 

Turkey 

Fenwick and Univ. Auckland, New Zealand interior 
Irvine 

Lee, Wight, and Univ. Michigan, Ann Arbor exterior 
Hanson 

Meinheit and Univ. Texas Austin interior 
Jirsa 

Townsend and Univ. Michigan, Ann Arbor exterior 
Hanson 

Uzumeri Univ. Toronto, Canada exterior 

Birss, Paulay, Univ. Canterbury, New Zealand 
and Park 

Keong and Park Univ. Canterbury, New Zealand interior 

Bertero, Popov, Univ. California Berkeley interior 
and Forzani 


failure mode, Fig. 2(a), ductile flexural failure the beams the connection. 
Formation hinges the beams outside the connection allows for absorption 
energy through large inelastic deformations without loss strength. Although 
the mechanism the same beam hinging, hinging the column less 


Date 
(1) 
1967 
1969 
1971 
1971 
1972 
1972 
1972 
1972 
1972 
1974 
1974 
1975 
1976 
1977 
1977 
1977 
1977 
1977 
1978 
1978 
1980 
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desirable than beam hinging. When columns hinge, Fig. 2(b), the frame may 
have residual sway deflection and may difficult repair. Loss the 
concrete cover over the reinforcement the beam-column core, shown Fig. 
2(c), undesirable since the column compressive load capacity may reduced, 
especially tied columns. The loss anchorage the reinforcement, Fig. 
2(d), especially exterior connections, particularly undesirable because lateral 
shear can longer transmitted the frame. Failure the anchorage 
also causes reduction the energy absorbing ability the structural system. 
The consequences failure the connection shear, Fig. 2(e), are the same 
loss anchorage, inability the frame transfer lateral shear and 
declining energy absorbing ability. 

Current Design.—ACI-ASCE Committee 352 recommendations (18) for con- 
nection design are based the addition separate contributions concrete 


and reinforcing steel the connection assess the strength proportion 
for the shear that exists (the addition rule). 


Henson - Conner 


- 
> 
3 
= 
2 


Ductility Factor %,) 


Moderate Earthquoke 


Severe Earthquoke 


& Crecking strength 
© Sheer strength 
R Cyclic strength 
‘ 2 3 


Meinheit - Jirse 


Ductility (4/,) 
enone 


Connection Sheer , 


Lee - Wight - Henson 
FIG. Loading Histories Simulating Earthquakes 


The parameters and modify the equation, originally 
intended for beams, and reflect values measured beam-column connection 
tests. reflects the type design loading, and the confinement provided 
transverse beams the beam-column connection. 

Acontribution from closed hoop reinforcement computed the same manner 
for reinforced concrete beams, The Committee report also 


made specific design and detailing recommendations for those connections 
required carry seismic design forces. 


PROGRAM 


Scope and data obtained from tests listed Table are 
not sufficient provide basic shear strength value for beam-column connections. 
The programs listed Table have primarily been directed toward ensuring 
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that the connection failures shown Figs. 2c, and not precipitate 
major structural damage structural collapse. 

The investigation reported herein was planned with the objective examining 
methods improving shear strength and measuring the basic shear strength 
characteristics reinforced concrete beam-column connection. The parameters 


(a) 


Exposed 
reinforcing 


Loss of 
concrete 
cover 


Loss of 
anchorage 


Column Crushing Reinforcing Bar 
Anchorage 


Connection 
(e) 


FIG. Failure Modes for Beam-Column Connection 


selected this study provide information directed toward the needs expressed 
ACI-ASCE Committee 352, and include the following (18): (1) The percentage 
column reinforcement; (2) the nominal axial stress the column; (3) the 
size and spacing transverse (horizontal) hoop reinforcement the connection 
core; (4) the effect intersecting unloaded transverse beams; and (5) the aspect 
ratio (geometry) the beam-column connection region. 
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Test Specimens.—Overall specimen dimensions are given Fig. The column 
was rectangular that could loaded bending about either its principal 
bending axes (strong weak). Details the reinforcement and the sustained 
column axial load magnitude are summarized Table 

State-of-the-art design recommendations (2,18) were used proportion the 
member cross-sectional size and reinforcement. However, the majority the 
specimens were specifically underdesigned shear the connection. Fabrication 


TABLE 2.—Specimen Details 


Transverse 
Beam 


Eccen- 
tric- 
ity 
of 
trans- in 
verse pounds 
beam, per 
in square 
inches inch 
(7) 


Es 

oo 
et 
ot 
ta 


“Summary of reinforcing bar yield strengths, in kips per square inch: bar size #4 = 59.3; #5 = 61.3; #7 = 
66.3; #8 = 58.8; #9 = 63.5; #10 = 65.1; #11 = 58.3. 
Note: | in. = 25.4 mm; | kip = 4.45 kN; | psi = 0.0069 MPa. 


test specimens was typical that found construction practice. Details 
can found Ref. (13). 

Fig. shows specimen positioned the loading frame ready for test. Arrows 
Fig. indicate the hardware for application the column axial load, for 
the beam loads producing unbalanced bending moment the connection, 
and for the equilibrating shear forces necessary the column. Beam loads 
were reversed moving the beam loading mechanism the opposite side 
the beam. The applied loads, deflections, average curvatures the beams 
and column near the connection, connection shear deformations, and reinforcing 
bar strains were measured. 

Materials.—A concrete mix using Type Portland Cement, Colorado River 


Connection 
Hoops 
Volu- 
met- 
ric 
per- 
cent- 
Aver- 
age 
Speci- axial 
men Rein- load, 
num- | force- in =M./ 
ber ment” kips we/h. IM, 
1 8 #7 2.0 375 -- 2 #4 @ 6 in. 0.011 3,800 1.00 
Il 8 #10 43 360 a — 2 #4 @ 6 in. 0.011 6,060 1.72 
| 10 #11 6.7 356 2 #4 @ 6 in. 0.011 3,860 1.64 
IV | 10 #9 43 363 2 #4 @ 6 in. 0.011 5,230 1.18 
Vv 8 #10 43 48 = — 2 #4 @ 6 in. 0.011 5,200 1.48 
vi 8 #10 43 603 — 2 #4 @ 6 in. 0.011 5,330 1.55 
vil 10 #9 43 597 — — 2 #4@ 6 in. 0.011 5,400 1.12 
vill 8 #10 43 355 0.83 0 2 #4 @ 6 in. 0.011 4,800 1.59 
Ix 8 #10 43 367 0.44 0 2 #4 @ 6 in. 0.011 4,500 1.54 : 
x 8 #10 43 359 0.44 a 2 #4 @ 6 in. 0.011 4,290 1.50 
xi 10 #9 43 365 0.46 0 2 #4 @ 6 in. 0.011 3,720 1.02 
Xi 8 #10 4.3 363 — — 6 #5 @ 2 in. 0.052 5,100 1.63 
xill 8 #10 43 353 — — 6 #4 @ 2 in. 0.033 5,990 1.71 
XIV 10 #9 43 363 oa — 6 #4 @ 2 in. 0.033 4,810 1.14 
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Column 
8 15 44 


All dimensions in inches 


Main beam 


Notes 1 ft. = 0.305m; 1 in. = 25,4mm 


FIG. Configuration 


lanced beam load 


FIG. 4.—View Test Specimen and Loading Equipment 
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Sand, and graded 5/3 in. (16 mm) maximum size coarse aggregate was used 
for all test specimens. The concrete had unit weight about 145 
(2,323 and slump about (152 mm) ease placement. Compressive 
strengths for each test specimen are listed Table Reinforcing steel properties 
used this investigation conformed ASTM Designation A615 Grade (21). 
Measured yield stresses are given Table 


Test Proceoure AND 


Loading Sequence.—Several loading histories have been presented Fig. 


( Deflection) 


_Load 


3.4656 6 
anor DEFLECTION , inches 


H 
EAST LOAD, kips 


(a) main beam 


kips 


WEST LOAD, 


WEST DEFLECTION , inches 


West main beam load-deflection 


Mete: 2 in. = 25.4 my lkip = 4.45 


FIG. 5.—Typical Curves, Specimen 


The diagram, shown Fig. represents the loading used for the 
experimental tests reported herein. The first cycle was the elastic range and 
the peak load was sufficient cause inclined shear cracking the beam-column 
connection. The first load cycle was applied define the cracking shear strength 


(Up) 
Load 
vied lend a 
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the concrete each direction. Subsequent cycles were applied define 
the shear strength the connection. Applied loads the tips the main 
beams were increased until either the connection was unable accommodate 
increasing unbalanced moment, the beams formed hinges the beam-column 
connection. The last loading consisted two large inelastic deformation cycles. 

Typical Specimen Behavior.—Top beam reinforcement was 60% greater 
area than the bottom reinforcement. Because the unsymmetrically reinforced 
sections, two separate load-deflection curves are necessary describe the bending 
moments the connection. The load-deflection response for Specimen II, under 
the imposed loading history Fig. 1(d), shown Fig. Similar plots are 
available Ref. (13) for all specimens. Because the loading History was controlled 
deflection, points representing the same stage the loading history lie 
opposite quadrants Figs. 5(a) and 5(b). Points marked (load stage) represent 


Main beams at yield 


Connection Shear 


0.02 0.04 


Shear Strain, 
Shear crack 


-200 


Notes 1 kip = 4.45 KN 


FIG. 6.—Connection Shear Force-Shear Strain Curve, Specimen 


one such example. Note that load stage 27, the west beam reached the yield 
moment while the moment the east beam was slightly less than the yield 
bending moment. 

Behavior the beam-column connection can described plot the 
connection shear versus the connection shear strain. Test results for Specimen 
are plotted Fig. The horizontal dashed lines represent the shear level 
the connection both flexural members reach yield. load stage 27, the 
maximum applied shear force almost equal that corresponding yield. 
However, other points the loading history, the applied shear force less 
than that which causes the main flexural members yield. column hinging 
beam shear distress was observed, indicating likely connection shear failure. 
summary the maximum applied connection shears and mode failure 
for each specimen found Table 

The applied shear force shear cracking also shown for Specimen 


200 
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Fig. considerably less than the measured shear capacity. Adding 
the contribution closed hoop reinforcement, calculated accordance with 


TABLE 3.—Measured Peak Connection Shear Stresses 


Failure mode 
observed for 
(2) (3) (4) (5) (6) (7) 


connection shear 
connection shear 
connection shear 
connection shear 
connection shear 
beam yielding 
connection shear 
beam yielding 
connection shear 
connection shear 
connection shear 
beam yielding 
connection shear 
connection shear 

first inelastic deformation cycle; connection experiences positive 


shear deformation; second inelastic deformation cycle; connection experiences 
negative shear deformation; cracking shear. 


Main beams yielded 


fe 


(Ref. 


Normolized Shear Stress, /(bd 


.02 .03 .04 0S 06 


Volumetric Percentage 


FIG. 7.—Transverse Hoop Reinforcement 


the ACI-ASCE Committee 352 Recommendation (18), the observed cracking 
shear, accounts for only 59% the measured shear capacity. The behavior 


Speci- 
men 
num- 
ber 
(1) 
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XIV 
Note: v,, 
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Specimen typical those specimens which the shear strength 
the connection controlled the load carrying capacity. 


Discussion 


Effect Transverse Connection Hoop closed hoop 
reinforcement the most common approach for improving the strength the 
beam-column connection. The results five specimens this test program 
provide data for evaluating the effect connection hoop reinforcement. The 
amount steel hoop reinforcement used the connection core described 
the volumetric steel percentage. The definition volumetric steel percentage 
similar the definition the volume transverse reinforcement spirally 
reinforced concrete column. 

Plotted Fig. are the shear strength characteristics for the first and last 
load excursions reported Table The curve labeled represents the monotonic 
strength shown Load Stage Fig. and represents the remaining 
capacity after two large deformation inelastic load cycles, shown Fig. 
Load Stage 90. 

Some improvement the connection shear performance can seen Fig. 
the volumetric hoop reinforcement percentage increases. The connection 
shear strength was, fact, larger than that corresponding yielding the 
main flexural reinforcement when the volumetric reinforcement percentage 
the connection was 0.052. 

Shown also Fig. the relationship between shear strength and transverse 
reinforcement using ACI-ASCE 352 recommendations. The addition concrete 
and steel shear contributions results much faster rate strength increase 
with than was observed from the tests. The addition rule conservatively 
predicted the strength these beam-column connections when 1.4 and 
1.0. 

Cracking capacity the connection concrete shear currently used 
the measure the ability the concrete carry shear. The connection shear 
first diagonal cracking plotted Fig. Note that shear cracking the 
concrete not influenced the amount hoop reinforcement. 

The measured connection shear strength not linear with the amount 
hoop reinforcement, indicated the addition rule. There also significant 
difference between the concrete cracking strength and the measured shear capacity 
when nominal amount hoop reinforcement present. Therefore, the concrete 
the beam-column connection must have shear capacity greater than assumed 
current design procedures. 

Effect Column Compressive Load.—In this test program, the effect column 
load the shear capacity the beam-column connections was examined. 
The results from Specimens II, IV, VI, and VII tested with varying levels 
column compressive load ranging from 0.03P,-0.39P, are shown Fig. 
The shear strength the connection unaffected the magnitude the 
column compressive load. However, shear cracking the concrete significantly 
affected the column compressive load. The differences between curves 
Fig. marked and indicate the deterioration connection shear strength 
two cycles load. clear that the cracking shear does not represent 
the shear capacity the concrete the beam-column connection. 
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Effect Column Vertical Reinforcement.—Shear forces beam-column 
connection are present orthogonal planes the connection. reinforcing 
steel assumed accordance with ACI-ASCE Committee 352, closed hoops 
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FIG. 9.—Column Percentage Reinforcement 


should provided the vertical and horizontal planes the connection. 
most connections, the column reinforcement may serve this purpose. Additional 
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vertical hoop steel only adds the congestion reinforcement the connection. 

Three test specimens had significantly different percentages column longitu- 
dinal steel. Specimen had 0.020, Specimen had 0.043, and Specimen 
III had 0.067. For each these specimens, the column reinforcement 
was distributed the column faces and not concentrated the corners. 

The variation connection shear strength with percentage column rein- 
forcement shown Fig. slight increase connection shear strength 
can observed the amount column reinforcement increases; however, 
the results are inconclusive. similar trend was observed when the amount 
horizontal hoop reinforcement increased. may interest future 
tests keep the amount column reinforcement constant but vary the number 
bars the column faces. 

Effect Connection Geometric Proportions.—Deep beams characteristically 
develop higher shear strengths than slender reinforced concrete beams. Because 
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FIG. 10.—Connection Geometric Proportions 


the low span-depth ratio, direct path (compression strut) for portion 
the shear load provided connection. Consequently, the connection 
aspect ratio (width depth column divided depth beam) was varied. 
All the columns had constant cross-sectional area, in. in. (330 
457 mm), and were rotated 90° change the connection aspect ratio. 

summary the results shown Fig. 10. each case, results for 
pairs specimens were plotted. The results not show consistent trend 
between connection geometry and peak shear strength (labeled However, 
does appear that those connections having smaller aspect ratio performed 
better under large deformation load cycling (labeled 

During the testing these specimens, major differences were observed 
the inclination the diagonal shear crack when the connection aspect ratio 
was changed. The shear cracks tended propagate along lines parallel the 
opposite corners the beam-column connection. This means that, for tests 
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with aspect ratios smaller than 1.0, the cracks were inclined angle greater 
than 45°. 

Effect Unloaded Transverse Beams.— Early experimental results (6,8) showed 
that the behavior the beam-column connection improved with the addition 
unloaded beams both sides the connection perpendicular the direction 
applied shear. With one transverse beam, the shear characteristics were 
essentially the same transverse beam existed. 

this study, the parameter representing unloaded transverse beam was 
taken the area the connection covered (masked) the transverse beam. 
The insert Fig. shows the dimensions used define the masking ratio 
the connection. All transverse beams had the same overall depth, 83% 
the main beam depth. Consequently, the dimension changed testing was the 
width the transverse beam and its location with respect the column centerline. 

The results six test specimens are compared Fig. 11. These results 
show that wide transverse beams, covering about 70% the connection area, 


Main beams yielded 


30 


Cracking 


(Center) 


®4(Eccentric) 


0.44 0.83 


Masking Ratio, 
FIG. 11.—Unloaded Transverse Beams 


masking ratio 0.83, had beneficial effect the shear strength the 
connection. 

The case Specimen VIII, the wide transverse beam allowed the connection 
develop shear strength which permitted the main flexural members reach 
yield. Smaller transverse beam sizes were not effective, but did provide 
some improvement the shear capacity the connection. The cracking strength 
the connection concrete, shown Fig. 11, increased the masking ratio 
increased. 

The improvement connection shear strength can attributed increase 
connection shear area. However, the transverse beams were cracked 
flexurally, the shear behavior the connection may still improved, but 
perhaps not significantly measured these tests. 

Effect Load Reversal.—Load reversals were applied define the characteris- 
tics behavior the connection shear was reversed repeated, both. 
Figs. 5-11 have shown the effects reversal and repeated loads. The peak 
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shear data for each cycle summarized Fig. 12. The majority the test 
specimens were observed fail shear during the first half cycle loading. 
The effect reversing and repeating load clearly indicated Fig. 
the decaying (degrading) connection strength. Two specimens were observed 
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FIG. 12.—Load Reversal 
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FIG. 13.—Comparison Results and Design Approaches 


perform better than others the load reversal tests: (1) Specimen XII, designed 
resist cyclic loads adding closed hoop reinforcement; and (2) Specimen 
VIII, the specimen with the large unloaded transverse beams. 

There broad band shear strength values plotted Fig. 12. all 
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cases, the specimens reached monotonic shear values least during 
the static strength test. Under reverse cycling, the capacity remained above 
through imposed total deflection nearly the yield deflection 
the main flexural member. 

important result the data summarized Fig. that the initial (peak) 
connection shear strength can improved; however, the shear strength always 
decayed. Since the slopes the curves Fig. are nearly parallel, appears 
that decay function the concrete the connection. Therefore, the 
connection resist seismic forces, larger connection shear area necessary 
keep the shear stresses low. 


Test Comparisons ano 


These test results can compared with the present state-of-the-art design 
approach (18). The ACI-ASCE 352 design recommendations shown the left 
side Fig. indicate that the strength the connection varies depending 
the axial load the column, presence transverse beams, and the amount 
closed hoop reinforcement the connection. The measured strengths shown 
Fig. and summarized Fig. are much higher than current design 
values. The shear strength was relatively insensitive the magnitude the 
compressive load the column and the amount closed hoop reinforcement 
the connection. 

comparative analysis Ref. (13) these and_other test results indicates 
that the connection shear_stress about (approximately 60% 
the monotonic strength, the performance the interior beam-column 
connection satisfactory when subjected large deformation reversal loadings. 
The proposed design values are shown Fig. 13. 


The purpose the program was evaluate the factors influencing shear 
capacity the beam-column connection. Several parameters were varied over 
relatively wide ranges the investigation. The strength the connection was 
governed primarily the cross-sectional area the joint. From the specimens 
tested, the variation the other test parameters can summarized follows: 


Transverse reinforcement the connection improved the shear capacity 
but not the same ratio indicated the addition rule, V,, for shear. 

Column longitudinal percentage reinforcement, p,, increases did not 
produce similar increases shear strength seen when transverse reinforcement 
increased. 

Unloaded transverse beams improved the shear capacity. The largest 
increase, about 20%, was observed when the transverse beams masked most 
the side face the column. 

Column axial load had influence ultimate shear capacity the 
connection, but with higher axial compressive load, the shear first cracking 
the connection was increased. 

Connection geometry had influence shear strength the joint, 
long the shear area, bd, the connection remained constant. 
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The test results provide indication the shear strength the connection 
and the nature shear degradation under repeated reversed_loads. Under 
monotonic loading, the connections carried shear stresses with several 


considerable variation the shear capacity under load Although the 
shear strength decayed the cycles increased, the connections could 
sustain shear stresses least without large percentages transverse 
reinforcement. appears the connection were designed that shear 
stress did not exceed the connection would perform satisfactorily 
under reversed loading. Unloading transverse beams could increase the design 
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The following symbols are used this paper: 


gross area column cross section; 
area shear reinforcement; 
width compressive face column; 
distance from extreme compressive fiber centroid tensile 
force; 
concrete compressive strength; 
yield strength shear reinforcement; 
depth main beam; 
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depth column; 
depth transverse beam; 
yield bending moment main beam; 
yield bending moment column; 
column compressive load; 
concentric column strength; 
concentrated loads applied main beams; 
spacing closed hoop reinforcement connection; 
shear force carried concrete; 
shear force column; 
shear force connection; 
shear force carried steel reinforcement; 
shear stress diagonal cracking concrete; 
nominal connection shear stress; 
width main beam; 
width transverse beam; 
factor reflecting amount energy absorbing capacity type 
loading imposed beam-column connection; 
factor reflecting existence transverse members perpendicular 
plane connection shear; 
frame sway deflection beam deflection; 
deflection yield; 
shear strain; 
column percentage reinforcement; 


ratio volume connection hoop reinforcement enclosed 
volume concrete core; 

curvature; and 

curvature yield. 
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FUNDAMENTAL ANALYSIS AGGREGATE 


Joost Walraven' 


The capacity cracks concrete transmit shear forces vital importance 
many structures. Cracks, which occurred consequence bending moments, 
can subjected shear forces result other loading configurations. 
Such situation occurs, for instance, long bridges, supported hinged 
columns the longitudinal axis, where the torsional moments have resisted 
the abutments. order guarantee the full bearing capacity the structure, 
open cracks have transmit shear stresses. fully prestressed concrete this 
applies the ultimate loading state, but partially prestressed concrete this 
mechanism will already occur under serviceability conditions. 

Shear forces cracks can also occur due other reasons. The anisotropical 
properties cracked reinforced concrete itself can directly give rise shear 
forces cracks; this the case, for instance, beams without shear rein- 
forcement, the shear resistance which relies, virtue redistribution 
forces, for considerable part the resistance the crack faces shear 
displacements (8,22,23). 

the design relatively simple structural elements subjected shear, the 
shear capacity the cracks can used active component applying 
the shear friction analogy (3,7,15,16,17). The shear friction concept, however, 
applies only the ultimate loading state and does not relate the stresses 
and the displacements the crack faces. The interest the constitutive relations 
cracks concrete was considerably enhanced during the development 
modern numerical calculation programs, which enable the analysis the behavior 
structures during the whole loading history, provided that adequate formulations 
the basic material properties are available. Because the lack satisfactory 
model for the behavior cracks concrete subjected shear forces, widely 
varying formulations are encountered. Most authors characterize the shear 
resistance cracks their finite element analyses simply reducing the 
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constant value chosen for (5,11,14), while other cases defined 
function one more parameters, such as, for instance, the strain 
normal the direction the cracks, the level the shear stress, the concrete 
quality, and the distribution crack widths and distances (6,9,20,21). 

However, hardly any atiention has been paid the fundamental property 
that shear displacement crack faces constant crack width inevitably provokes 
stresses normal the crack due wedging action the irregular crack faces. 
Only recently Bazant and Tsubaki (2) pointed out that this effect disregarded, 
unsafe design structures may result. 

Therefore, should emphasized that the mechanism may not represented 
the shear displacement; and B,, constant, but that both the shear stress 
and the normal stress always have taken into account essential 
components. Assuming that the irregular faces crack can deformed, 
both the shear stress, and the normal stress, are functions the crack 
width, and the shear displacement, 


= f,(w, A) and o = f,(w,A) 


The constitutive equations for single crack can, for instance, formulated 
incremental way proposed Bazant and Gambarova (1): 


which B,,; B,,; ... the crack stiffness coefficients. Differentiating Eq. 
and comparing the result with Eq. concluded that 


The basic problem the formulation Eq. this paper fundamental 
model developed, based statistical analysis the crack structure and 
the associated contact areas between the crack faces function the 
displacements, and and the composition the concrete mix. Dowel action 
can shown minor importance practical circumstances (26) and 
therefore neglected; this study concentrates the mechanism which 
generally denoted the term aggregate interlock. 


FUNDAMENTALS 


Concrete can represented two-phase system: matrix (hardened 
cement paste) collection aggregate particles are embedded. Generally the 
strength and stiffness the aggregate particles are greater than those the 
matrix. However, the contact area between both materials, the bond zone, 
the weakest link the system. Therefore, cracking occurs commonly through 
the matrix, but along the periphery the aggregate particles. These particles 
are simplified spheres, which can intersected the crack plane all 
depths with the same probability. This results crack structure, shown 
Fig. 
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Considering this figure and taking into account that the size most particles 
considerably greater than the crack width, can concluded that the 
microroughness the crack, caused the aggregate particles projecting from 
the crack plane, dominates the macroroughness, due overall undulations 
the crack faces. Therefore, the overall crack plane assumed flat 
plane. 

Hardened cement paste viscoelastic material; the deformations provoked 
stresses are only partially elastic, for the other part plastic (13). Under 
multiaxial stresses, the area between the aggregate particles concrete, 
large plastic deformations can occur result pore-volume reduction. Since 
the plastic deformations are expected dominate the elastic deformations, 
the stress-strain relation the matrix material, consisting hardened cement 


FIG. Observed Structure Crack Plane 


FIG. 2.—Rigid-Plastic Stress-Strain Relation for Matrix Material 


paste with aggregate particles smaller than 0.25 (an arbitrary limit between 
the two phases), assumed rigid-plastic, shown Fig. 

The stress which plastic deformation occurs denoted Thus, 
can expected that, during shear displacement the crack faces, contact 
areas develop the surface the particles, due plastic deformation 
the matrix. Fig. shows the formation this type area result 
shear displacement the direction the x-axis. The stresses these contact 
areas produce reactions the directions all principal axes. result 
the assumption spherical particles, the resulting component the direction 
zero, just for real crack face, the crack area not too small. 
result possible consider cracked concrete body, shown Fig. 
4(a), assemblage large number slices each finite width [Fig. 
4(c)], and possible derive the overall behavior the crack first 


2248 NOVEMBER 1981 


studying the properties this thin slice. 

Fig. shows cross section through particle lying Z-plane which 
there line contact between the opposite crack faces. The projections 
this line contact the and directions are and a,. The shaded 
area represents that part the matrix where plastic deformation has occurred. 


Z-section 


FIG. 5.—(a) Contact Area between Matrix and Aggregate; (b) Stress Conditions 


the shear load the plane cracking increased and the crack opening 
counteracted restraining forces, mechanism will develop which can 
described follows. The contact areas tend initially slide; result 
this sliding, the contact area reduced, which results too high contact stresses. 
Thus, further plastic deformation occurs, until equilibrium forces obtained 
the and directions. 


The stresses the contact area are resolved into stress, 


. —s 
FIG. 3.—Contact Areas during Sliding 
ail 
a b B c 
FIG. Cracked Concrete Body; (b) Z-Plane Intersection; (c) Representative 
Slice 
(a) 
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the contact area and stress, tangential this area. The stresses, o,, 
and are interrelated the condition that the contact areas are about 
slide. Therefore the equilibrium conditions are formulated, based uniform 


critical stress combination, with 


Next, the components the contact forces the and directions can 
derived, based the previous assumptions. Fig. shows the equilibrium 
conditions particle surface. The reactions the and direction can 
formulated 


not only the contact line single particle considered, but all particles 
over unit length the crack [Fig. that intersection circles different 
diameters are encountered, the formulation generalized 


which the most probable, average projected contact lengths 
over the unit crack length [Fig. considered. the lengths, and 
are known, possible proceed surface areas: unit surface can 


considered composed from infinite number lines unit length, 
which have all the same expected average values and the most 


probable contact areas and unit crack area are obtained multiplying 
considerations apply the transition from the forces and =F, stresses, 
and Inserting these values and from Eq. into Eq. can write 


first the distribution the circle diameters Z-plane, crossed the 
crack, established. able calculate the distribution the diameters 
the intersected circles the Z-plane, Fuller curve adopted for the 
distribution the aggregate particles. This cumulative distribution function 
represented 


which the fraction, passing sieve with opening diameter and 
the diameter the greatest aggregate particle. The probability that 
arbitrary point the concrete located aggregate particle denoted 
with p,. Properly, the ratio between the total volume the aggregate 
and the concrete volume. The probability that point, located particle, 


(7) 
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lies also particle with diameter smaller than arbitrary choosen value, 
can expressed, using Eq. 


D 1/2 


differentiation this function the probability density function p’(D,) 
obtained: 


max 


with 
Subsequently analysis made the probability that arbitrary point 
Z-plane lies intersection circule with certain diameter, The probability 
that point, located particle with diameter lies also intersection 
circle with diameter D,), equal the ratio between the volume 
the sphere section (Fig. and the volume the hemisphere. The volume 
the sphere section equa! 


while the volume the hemisphere 


The probability that point this sphere lies intersection circle with 


Substitution Eqs. and into Eq. and elaboration results 


the probability that arbitrary point Z-plane [Fig. lies 
intersection circle with diameter, D,, obtained integrating the product 
Eqs. and over the interval D,-D 


p (D> | > Do) dD, 

Inversely, the probability that arbitrary point the Z-plane located 
intersection circle with diameter, D,, obtained from Eq. 


Substitution Eqs. and into Eq. 13, integration this expression and 
substitution the result into Eq. yields (26) 


(V V,) 
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max max 


This function shown Fig. The density function for the probability that 
arbitrary point the concrete body, laying Z-plane intersection, 


Since the distribution circles intersection the Z-plane now known, 
possible establish the frequency circles which both lie the Z-plane 


FIG. Circle with Diameter, D,, Particle with Diameter, 


1.0 


x 


FIG. 7.—Cumulative Distribution Function for Diameter Intersection Circles 


and are crossed the crack [Figs. 4(b) and 8]. The average length the 
intersection line, AB, for circle with diameter, D,, crossed the crack 


Considering crack section [intersection the crack plane and the Z-plane, 
Fig. 4(c)] with unit length, the probability density function for the expected 
part that length, containing merely points which are located intersection 
circle with diameter, D,, can obtained multiplying this unit length with 
(Eq. 16), that 
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Consequently, the probability density function for the expected number 
intersection circles with diameter, the Z-plane, which intersect also 
the unit crack length, can obtained from and 


what follows the contribution the individual intersection circles the 


FIG. 9.—Position Intersection Circle Characterized Randomly Varying between 


contact area between the crack faces analyzed. The results this analysis 
will combined with the results the previous part (Eq. 19), which will 
yield the total contact area for unit crack area, function the displacements 
between the crack faces. 

first the role single intersection circle with arbitrary diameter, 
studied. The distance the center the circle the central crack 
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line denoted (Fig. 9). This value assumed random variable 
crack face, for which the same considerations are valid. then 
for value the shear displacement, any contact area formed. 
contact area found [see also Fig. 10(a)]. A,, contact 
area obtained, which increases for increasing value This phase denoted 
the growing contact phase [Fig. 10(b)]. A,, increase contact 
area further shear displacement can obtained. This phase denoted 
the maximum contact phase [Fig. 10(c)]: (1) Phase contact 
(2) Phase growing contact (A, A,); and (3) Phase maximum contact 
A). The values A,, are determined with the help Fig. 


a,= 


>A, 
a,=R- 


Eqs. contain the embedment depth, variable. However, order 
get results which can directly combined with Eq. 19, average values, 
and a,, are needed, taking into account the full variation interval 

intersection circle must taken into account offers contact area 
its most favorable position. evident that the most favorable position 
obtained the embedment depth zero. circle even this extreme 
position not contact with the opposite crack face, may excluded 
from the calculation. The first demand, contact requested, that 

how the circles contribute the total contact area, taking into account 
the different modes contact shown Fig. 10. The value R,, which 
the radius the intersection circle has grow (Fig. 11) provide least 
one point contact, can calculated from Eq. 20a. 

For one can derive that only one point contact obtained: 


The associated projected contact areas, and a,, are 
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The value R,, providing upper limit for the range which maximum contact 
(Fig. 10) obtained, found from Eq. 


Comparing Eqs. and seen that for denoted case the 
value smaller than the value R,, that the maximum contact phase 
can contribute (if this really happens depends the value the embedment 
depth, u). If, however, case then greater than R,, that 
both the growing contact phase and the maximum contact phase are practical 


(b) Phase Growing Contact (A, A,); (c) Phase Maximum Contact 


FIG. 11.—Intersection Circle Its Most Favorable Position, 


importance. Further must noted that now the limit value does 
not apply, since contact always guaranteed for (see also Fig. 
(again dependent u), and they maximum contact obtained; further 
growing contact obtained. The two cases and are shown Fig. 12. 


Rmin 
u=0 
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The fundamental cases and have distinguished, establishing the average 
expected contributions the intersection circles the contact area. This 
done the following derivation. 


“growing 


“maximum contact” “growing contact” 


FIG. 12.—Schematical Representation Fundamental Contact Modes for Varying 
Values Radius, Intersection Circles 


FIG. Maximum Embedment Depth, for Which Still Contact 


Exists 


max’ 


u=0 


FIG. Average Contribution Circle with Radius, Contact 
Length, 


Case there any contact area, this least the case for 
the minimum embedment depth, Solutions are found upper 
bound, derived using Fig. 13. For constant values and the 
variable increased far that only single point contact remains: 


7 
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that stage reached. With the help Fig. one can derive this value 


Umax 
values for and are found for the range 


max 


The probability density function for the occurrence value, assumed 
equal 


The expected value for the average contribution circle with radius, 


the contact lengths, and a,, can formulated, using Eq. 25, shown 
Fig. 


which a,, and the contact lengths, and a,, for circle with radius, 
according Eqs. 20d and 20e. 


Substitution Eq. 20d Eq. and Eq. 20e Eq. and integration 
results 


2 
lw max 


u 


max 


—A- 


can carried out the same way case For the range 


the maximum contact phase valid. Similarly, the growing contact phase, 
circle contact with the opposite crack face the embedment depth, 


(25) 

1 

1 ( 
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greater than zero and smaller than certain upper bound. Fig. 10(c) 
values the range indicated Eq. 30, and are obtained 
substitution Eq. 20f Eq. and Eq. 20g Eq. and integration: This 


results 


For the range Egs and are valid. 

For unit length the crack line, line intersection the crack plane 
and Z-plane [Fig. 4(c)], was shown that the probability density function 
for the expected number circles with diameter, D,, intersected this 
length, can expressed Eq. 19. The total contact areas the and 


directions, provided all circles intersecting the unit crack length, can 
expressed 


R 


R max 


R 


Substitution the concerning values for and (Fig. 12), the associated 
expressions for and (Eqs. 26-29) and n(R) (Eq. 19) Eqs. and 
and some rearranging terms results the final expressions for the projected 
and shear displacement for crack area with unit length and unit width: 


Case 


max 


w2 + A2/w 4 D 


w2 + A2/w max 
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w2 +A2/w 4 D 


max 


l 2 


D D 0.5 D 4 D 6 
Poss 
D 8 D 10 


volume aggregate volume concrete 


Integration Eqs. 35-38 has been carried out numerical way with 
Algol program (25). 

Fig. shows, example, the calculated relations for and A,, 
crack width, and shear displacement, for mixture with maximum 
aggregate particle diameter (1.26 in.) and value 0.75. The 
shear and normal stress across the crack faces are related the contact areas 
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in. (0.1 


in. (32 mm) 
=0.75 


002 003 004 005 006 in.) 
shear displacement 


A, in? (mm?) 


FIG. 15.—Total Projected Contact Areas, and Crack Plane, Function 
Crack Width, and Shear Displacement, Calculated with Eqs. 35-38 


restraint bars 


FIG. 16.—Pushoff Tests Externally Restrained Specimens 


and with Eq. order evaluate the theory and establish the 
material constants, and number experiments have been carried out. 


Tests were carried out precracked pushoff specimens with external restraint 
bars various stiffnesses (Fig. 16) [see also (25)]. The variables the tests 
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were the concrete strength and composition, the external restraint stiffness and 
the initial crack width. Five different concrete mixtures were tested. Three 
these had the same maximum particle size (0.63 in.) but different 
psi, 5,286 psi, and 8,428 psi), one had maximum aggregate particle diameter 
(1.26 in.) and strength (4,714 psi), and one was 
lightweight concrete. The aggregate the first four mixes was distributed 
according Fuller curve, enable direct comparison between theoretical 
and experimental values. Detailed data about these experiments are found 
Ref. (25). 


Comparison THEORY AND 


The relations between the stresses crack the one hand and the 
displacement components the other hand have earlier been formulated 
(see also Eq. 


which and depend the crack width, the shear displacement, 
the maximum particle diameter, and the total aggregate volume per 
unit volume the concrete, p,, expressed the functions, Eqs. 35-38. 
The parameters, o,,, the matrix yielding strength, and the coefficient 
friction, are established fitting Eqs. the experimental results. appears 


that the best results are obtained for friction coefficient 0.4 for all 
mixes. This value the same order was experimentally established 
Weiss (27) friction tests concrete, mortar, and particle surfaces. The matrix 
yielding stress, which has inserted get optimal fitting, function 
the uniaxial concrete strength. The best results are obtained for 


The matrix yielding strength turns out somewhat higher than the strength 
the concrete itself. This must considered regular: The weakest link 
hardened concrete the interface between aggregate particles and matrix, 
where microcracks initiate the deterioration the concrete; result the 
concrete strength lower than the strength its constituting components. 
Also the fact that the ratio between matrix strength and concrete strength decreases 
with increasing concrete strength, results from Eq. 41, generally observed 
phenomenon (4,19). All experimental results could well described with Eqs. 
35-39 and the material constants, 0.4 and o,,, from Eq. 41. Examples 
are given for two mixtures (Figs. and 18). must emphasized that, 
fit Eqs. the experimental results, only two degrees freedom exist, 
that only two lines per diagram (e.g., for 1.0 mm) can actually 
fitted. The fact that automatically all other lines are found fit the experimental 
results supports very well the validity the theory. 


Anatysis AGGREGATE INTERLOCK 


The model which has been developed adequate agreement with the 
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FIG. between Experimental Values for Concrete with 


(8,428 psi), (0.63 in.), 0.75 and Theoretical Values, 


4771 psi (334 1.26 in. (32 mm) 
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FIG. between Experimental Values for Concrete with 33.4 
N/mm? (4,714 psi), (1.26 in.), 0.75 and Theoretical Values, 
with o,, N/mm? (6,286 psi) and 0.40 
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experimental results. such can used for parameter studies, yielding 
better insight into the fundamental mechanics aggregate interlock. 


in. (16 mm) Spy =7143 psi (50 Nimm?) 


shear stre$s 


(mm) 
shear displacement 


normal str 


(psi) (N/mm?) 


FIG. 19.—Role Friction between Aggregate Particles and Matrix Transfer 
Stresses across Crack, for Concrete with (5,714 psi), 
(0.63 in.), and 0.75, Calculated with Theoretical Model 


shear stress T 
(ps!) |(N/mer? ) 


w=0.024in. (0.6mm 
Omax 


w=00 39 in. (10 mm) 


normal stress 0 


FIG. 20.—Contribution Various Aggregate Fractions Transmission Stresses 
across Cracks for Crack Widths 0.1 (0.0039 in.); 0.6 (0.0236 in.); 
and 1.0 (0.039 in.) for Concrete with (4,286 psi), 
(1.26 in.) and 0.75 Calculated with Theoretical Model (inserted Values 


Role Friction between Aggregate and Matrix.—It was shown that equi- 
librium the contact area was obtained combinations normal (yielding) 
stresses and shear (friction) stresses. was shown that friction coefficient 
equal 0.4 resulted the best fitting the curves the experimental results. 
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conducting calculation with friction coefficient, the influence 
friction can visualized. calculation carried out for mixture with 
0.0 and 0.4. The results the calculation are shown Fig. for some 
crack widths, 0.2 mm, 0.6 mm, and 1.0 (0.008 in., 0.024 in., and 
0.039 in.). 

seen that considerable part the shear resistance provided 
friction. this friction would eliminated e.g., oil between the crack 
faces, and the external restraining stiffness would remain the same (compare 
equal o-w combinations Fig. 19), the shear stress which can transferred 
considerably smaller (even more than 100% for small crack widths), and 
equilibrium obtained for smaller values the shear displacement, which 
shows also that more overriding particles and less deformation the matrix 
will occur. 

Contribution Various Aggregate Fractions Transmission Stresses 
Crack.—By slight modification the derivation the equations, representing 
the relations between stresses and displacements the crack, possible 
find the contribution only part the aggregate particles. Eq. was 
found integrating the product Eqs. and over the interval, 
aggregate fractions visualized. example given Fig. 20: With the 
modified expressions 35-38 the contribution fractions has been established 
and represented for small [0.1 (0.0039 in.)], average [0.6 (0.0236 
in.)], and great (0.039 in.)] crack width, for mixture with cube 
crushing strength (4286 psi) and maximum particle diameter 

The lines, represented these figures, describe the relations between 
and only the particles with diameter between and varying 
fraction D,,,, are considered. seen that the small aggregate fractions 
loose importance the crack width becomes greater. 

Influence Size Aggregate.—To obtain impression about the influence 
the size the aggregate, two mixtures have been compared. Both have 
the same properties, except for the maximum particle diameter, which once 
and once mm. The results this comparison are shown Fig. 
21. seen that the normal stress, not very sensitive for this variation, 
but that the shear stress, influenced, the more the crack width greater. 
This tendency was confirmed the results the experimental part this 
investigation. 

Influence Grading the previous analyses and the experiments 
always Fuller curve was adopted. However, practice most codes allow 
permissible grading curve region. The ideal Fuller curve near the lower 
boundary this area. study the influence the grading curve curve 
chosen which approximates the upper limit given the Netherlands Code 
Practice, the VB’/4, for (0.63 in.). 

The relations between stresses and displacements for the concrete confirming 
the grading curve were calculated, shown Fig. 22. Other values 
this concrete has the same maximum particle diameter, the comparable 
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Fuller mix, contains much higher proportion sand particles. 

The results previously obtained under the aforementioned section the 
transmission stresses, where the contribution the individual aggregate 
fractions the transfer stresses crack was established, were used for 
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FIG. Size Aggregate Transmission Stresses across Crack 
(0.63 in. and 1.26 in.), Calculated with Theoretical Model Values 
(6,286 psi) and 0.40) 
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FIG. 22.—Influence Grading Curve Transfer Stresses across Crack for Two 
Comparable Mixes Confirming Different Grading Curves, Calculated with Theoreti- 


the calculations. The results for the concrete mix with the grading curve 
are shown Fig. the dashed lines, and are compared with the results 
for the Fuller-type concrete, calculated earlier (Fig. 21). 


04 O05 06 07 
(psi) Nimm? 
sieve aperture 
Q 
/ Vig 04 U2 04 Ob OB TU 
4 % 
€ 
~ ~ > => 10 
4 SQ <2 9 10 


AGGREGATE INTERLOCK 2265 


seen that both cases the influence the sieve line the normal 
stresses, not great, but significant for the shear stresses. The most 
pronounced differences are obtained for greater crack widths. This can 
expected, since the sand mixtures according grading curve provide smaller 
potential contact area greater crack width. 

Cyclic Loading.—From tests (12) known that the case cyclic loading 
considerable difference exists between the behavior the crack plane during 
the first loading cycle and the subsequent cycles. The shear stress/shear 
displacement relation the initial cycle nearly linear, and after unloading 
considerable amount hysteresis observed. The shear stress displace- 
ment relationship for the later loading cycles highly nonlinear and hardening 
type behavior observed. This overall behavior can explained with the 
theory. 

This done basis fictitious specimen (Fig. 24) with concrete (quality 
33.4 (4,770 psi) and maximum aggregate particle diameter 


FIG. 23.—Three Characteristic Stages during First Loading Cycle: (a) Before Loading; 
(b) Peak Shear Stress; (c) after 


shear stress T 


> 


= 


FIG. 24.—(a) Fictitious Specimen; (b) Calculated Response Cyclic Loading 


(1.26 in.), that Fig. can used, preset crack width 
0.5 (0.020 in.), and external restraint bars, providing equivalent 
restraint stress 0.5 (71 psi) for crack width increment 
0.1 (0.004 in.). The specimen subjected maximum (cyclic) shear 
stress (430 psi). Fig. shows the positions the crack 
faces before loading. When the shear load increased, the crack faces engage 
contact, Fig. 23(b). The relation between shear stress, and shear 
displacement, can calculated using Fig. 18. the maximum shear stress 
reached, point Fig. the friction between particles and matrix 
still maximum, 0.40. the shear force decreased, relative movement 
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between the crack faces can only occur the maximum amount friction 
the opposite direction exceeded. With the theoretical model was calculated 
that this point reached when the shear stress reduced 0.50 N/mm? 
(71.4 psi), point Fig. 24(b). Fig. 23(c) shows that, after unloading, the 
contact phase reached before the shear displacement back the neutral 
position. This contact phase considered reached the most 
favorable case, 1/2 contact exists any more. For the 
case considered was calculated that the remaining shear displacement, 
equal 0.41 (0.016 in.), point Fig. 

bring the two the specimen back their neutral position 
small shear force may necessary, since the rubble between the crack faces 
due the deterioration matrix material during loading, may cause some 
frictional resistance, point Fig. the shear force applied the 
opposite direction, the same type behavior can expected since those parts 
the crack surfaces which get touch this reversed cycle are not yet 
damaged (Fig. 23). Thus, similar loading and unloading curve can expected 
(Fig. points A’, B’, C’, D’). 

the subsequent loading cycles the presence the cavitations, worn out 
the first cycle loading, influence the behavior the specimen considerably. 
first shear displacement will occur under low shear force, until contact 
between the opposing areas obtained 0.41 mm, point E). Then 
short interval full contact between the cavitations will obtained. 
this short interval proceeded wearing off will take place places high 
contact stresses, point Fig. 23(c). Hence steeply ascending branch (EFG) 
may expected, slightly shifted from the previously obtained loading line. 
unloading similar behavior the first cycle may expected, GHI, 
Fig. comparison this constructed relation with experiments, 
carried out Laible, White, and Gergely (12), shows rather good agreement. 


The mechanism aggregate interlock can only adequately described 
normal stress, shear stress, crack width, and shear displacement are all involved. 

Aggregate interlock characterized two fundamental modes behavior: 
sliding the contact area between particles and matrix opposite sides 
the crack (overriding) and irreversible deformation the matrix high contact. 
stress. 

The experimental results can adequately described physical model, 
simplifying the aggregate particles rigid spheres different sizes, protruding 
from flat crack plane, and adopting rigid-plastic stress-strain relation for 
the matrix between the particles. 

All particle fractions contribute qualitatively the same way the transfer 
stresses across the crack; only fractions containing merely particles with 
diameter smaller than two times the crack width may considered 
inactive. 

For the friction between particles and the matrix, friction coefficient, 
0.4, independent the concrete quality and the level the stresses, 
gives the best results. The yielding strength the matrix, which has 
used order get the best results, function the concrete strength. 
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The values for both the friction coefficient and the matrix yielding strength 
are good agreement with expectations, based experiments described 
the literature. 

The resistance the crack faces against shear displacements most 
all governed the strength the concrete. The size the aggregate particles 
the range tested, 16-32 (0.63-1.26 in.), plays subordinate role. 

The grading curve the aggregate has some influence: theoretical 
comparison between two mixes, one composed according Fuller curve 
(large particles) and the other containing large sand fraction, displays influence 
the shear stiffness larger crack widths. The development the normal 
stresses hardly influenced. 

the friction between the crack faces would reduced e.g., oil, 
this would result considerable reduction the resistance against shear 
stresses and increase the overriding the expense the deformational 
mode behavior. 

The behavior cracks, subject cyclic loading, known from the 


literature, can well explained and described the theoretical model, 
least qualitative way. 


Summary 


mathematical model has been developed describing the mechanism 
aggregate interlock cracks. The model based the behavior particle 
level, taking into account the deformation the hardened cement matrix and 
frictional forces between aggregate particles and matrix during sliding. The 
relations between the displacements the crack faces and the stresses across 
the crack have been related the structure the crack faces, which has 
been established with statistical analysis. The results the theoretical model 
are adequate agreement with the results experiments, carried out separately. 
Thus, the model enables further analysis the mechanism aggregate interlock. 
this way insight could obtained into the role the aggregate distribution, 
the size the aggregate, the contribution aggregate fractions, and the role 
deformation and friction particle level. The model makes possible 
explanation the experimental tendencies, found tests other investigators, 
for instance, for cyclic loading. 
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The following symbols are used this paper: 


expected average value projection y-plane total contact 
area, obtained over unit crack area, for certain combination 

expected average value projection the x-plane total contact 
area, obtained over unit crack area, for certain combination 

projected contact length z-plane x-axis; 

projected contact length z-plane x-axis for circle with radius 

expected average value 

projected contact length z-plane y-axis; 

projected contact length z-plane x-axis for circle with radius 

expected average value 

crack stiffness coefficients; 

diameter intersection circle; 

diameter maximum intersection circle (maximum particle); 
arbitrary particle diameter; 

arbitrary particle diameter; 

force direction per unit width direction; 

force direction per unit width direction; 

shear stiffness modulus uncracked concrete; 

relative aggregate volume fraction; 

radius intersection circle particle; 

maximum value 

minimum radius intersection circle for which contact can 

maximum radius intersection circle for which maximum 
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contact mode can occur certain combination; 
embedment depth, defined distance from center point 
intersection circle central crack face (see, e.g., Fig. 10); 
maximum value for which, certain combination 
contact possible; 

crack width; 

shear stiffness reduction factor; 

shear displacement; 

shear displacement below which contact possible certain 

shear displacement above which the maximum contact mode 
occurs certain combination and 

coefficient friction between particles and matrix; 

normal stress; 

normal stress plastic deformation matrix; 

shear stress; and 

shear stress plastic deformation matrix. 
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PACKAGE FOR OPTIMIZATION-BASED 
INTERACTIVE CAD* 


and 


Common practice the design civil engineering structures use 
trial and error design procedure. First, initial design chosen, which 
then analyzed using computer program simulating the behavior the physical 
system. looking the results the computer simulation, the designer adjusts 
the initial design attempt satisfy set given specifications that 
are not met the initial design obtain better design terms its 
performance, for both reasons. After the adjustment, new simulation 
performed, and the process repeated until satisfactory design obtained. 
The success this procedure depends critically the experience the designer 
and, even then, typically involves considerable number man hours. 

Since the early 1950’s, research computer simulation structural systems 


has made considerable progress, resulting number excellent general purpose 
structural analysis programs (1,7). the same time, several attempts have 
been made automate the above design process using optimization techniques. 
summary this development contained the survey papers 
Despite this considerable research activity, optimization techniques are not 
widely used might expected. the authors’ opinion, the main reasons 
for this lack interest are 


Lack proper definition design problems terms optimization 
problem. 


Lack robust optimization algorithms applicable general design problems 
involving dynamic constraints. 
Lack familiarity with optimization techniques. 
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The definition design problem terms optimization problem involves 
identifying objective function and suitable constraint functions. Historically, 
since optimization techniques were first used the aerospace industry, structural 
weight has often been considered objective function. For design structures 
subjected dynamic loads, such earthquake excitation, some other objective 
functions such life time cost and story shear forces have been considered 
(9). For special types structures, such braced frames, maximizing energy 
absorption the bracing system could suitable objective. Thus, depending 
upon particular application, any function design parameters structural 
response functions, both, could considered objective. Obviously, along 
with different objective functions, one must define appropriate constraint 
functions order that the problem well-posed. The computer programs 
developed for optimal structural design, far, have been specialized either 
for particular objective functions, such minimum weight, (6) for particular 
structures, such trusses shear frames. Therefore, their application was 
limited. Thus, order look different problem formulations, more flexible 
programming structure needed which the users can define their own objective 
and constraint functions solve wide range practical problems. 

The most obvious, and also most primitive, method coping with dynamical 
constraints optimization problem, discretize the time interval 
interest reduce the problem ordinary nonlinear programming problem 
with large number inequality constraints and then apply penalty function 
method. This approach has number drawbacks: (1) requires very large 
number gradient evaluations; (2) prone severe numerical ill-conditioning 
(with respect conjugate gradient quasi-Newton methods) the penalty 
increases; and (3) virtually never produces design that satisfies specifications 
exactly. Even the more sophisticated methods, such those feasible directions, 
behave poorly when the direct discretization approach used, because the 
very large number gradients that must included the search direction 
computation. Consequently, most the early attempts solve dynamically 
constrained design problems with complex excitations, such those produced 
earthquakes, have tended result failure. notable exception found 
problems involving excited systems whose dynamic response has 
unique and prominent maximum because, this case, the maximum response 
turns out well-behaved, differentiable function. Because this, 
not necessary discretize the time interval interest, mentioned above, 
and the entire computation becomes much simpler.) There were, and still are, 
other reasons, optimization fails produce results; for example, lack skill 
transcribing the design problem into optimization problem produces 
ill-conditioned optimization problem. Similarly, poor selection algorithm 
parameters badly chosen initial design can contribute computational 
failure. The net result that when difficulties are encountered the computations 
either converge slowly jam nonstationary point. Since optimization 
algorithms may require several structural analyses per iteration, clear that 
very slow convergence, worse still, convergence all, must considered 

Recently, new algorithms have been developed for general nonconvex problems 
involving dynamic constraints (4,10), which have better convergence properties. 
the same time, methods for early detection ill-conditioning mathematical 
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programming problems are emerging. Since, general, the transcription 
design problem into mathematical programming problem not unique, heuristics 
are currently being developed that suggest ways changing the transcription 
eliminate the ill-conditioning. However, these algorithms are still sensitive 
the choice internal parameters, well initial values design parameters. 

order deal with these difficulties, interactive software system for 
optimal design indispensable. Interactive computing permits one stop, restart 
modify any the parameters the computation progresses. This results 
substantial savings, not only computing time, but also overall time 
needed carry out design. 

additional advantage interactive system using computer graphics 
that can used tool familiarize practicing engineers with optimization 
techniques. They can change parameters the algorithm and perform few 
iterations while monitoring the computation closely through graphical information 
displayed. This will give them for these parameters and the algorithm 
itself reducing the box’’ quality the process. 

the following sections, interactive software system for optimal design 
structures described which based upon the above considerations. The 
system operating DEC VAX 11/780 computer obtained through grant 
from the National Science Foundation. The operating system virtual memory 
version UNIX Bell Labs System). 

The next section describes briefly the algorithm, while interactive implementa- 


tion and application the design nonlinear impact isolator examined 
later. 


Desicn 
class design problems for dynamically loaded structures can expressed 
(2,9) 

min 


which compact interval; and conventional inequality constraints 
which depend design variables only. The problem solved using Phase 
I-Phase feasible directions algorithm. short description the algorithm 
given below facilitate the later discussion. Details the convergence 
proof are given (4) and implementation details are given (3). 

The feasible domain, defined by: 


Define function follows: 
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set for functional and conventional constraints follows: 


and left local maximizer 


Data 

(0,1) Armijo parameters for step length computation; 
parameter controlling maximum step length; parameter influencing 
search direction when feasible; number points into which 


STEP 

STEP compute functions and for all 

STEP Direction Finding: (1) Find constraints; (2) evaluate gradients 
cost function and constraints; (3) compute the optimality function 
which 


JES, 


2 


2 


Using the values obtained solving (6), compute the search direction 
h(z) which 


Uw 

and proceed. 

STEP Mesh Refinement and Termination Criteria: and 

STEP Step Length Computation Armijo Rule: Compute the largest 
integer, such that then 
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Remarks.—The algorithm presented above does not require initial design 
sequence designs with monotonically decreasing until becomes zero. 
This aspect the algorithm very advantageous case complicated problems 
where choice initial feasible design not obvious. 


According Step the search direction calculation problem turns out 
the negative the nearest vector the origin the convex hull the 


FIG. Direction Finding Process 


gradients the cost and the constraints. Fig. shows the geometry 
the problem when only one constraint active. From the figure, 
clear that the norms the constraint gradients are much larger 
than that the cost gradient, then the direction obtained not very good 
because will almost perpendicular the constraint gradient. The best 
way safeguard against such problem formulate the mathematical problem 
such way insure that the constraints and their gradients have similar 
magnitudes. most cases, simple scaling the problem works. order 
deal with cases where this not possible, factors’’ are introduced 
the direction finding problem, which effectively scale the gradients. For 
more detailed discussion these push factors, see Ref. 


INTERACTIVE IMPLEMENTATION ALGORITHM 


The design algorithm has been implemented computer with the batch 
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program, OPTDYN (3). Computational experience with this program revealed 
the following difficulties: 


The choice parameters best suited for the problem hand was not 
obvious and required several adjustments before reaching set parameters 
that gave good computational behavior; and 

Sometimes the problem was badly scaled with respect the algorithm, 
which again required several adjustments before tractable problem was obtained. 


order cope with these difficulties, the program OPTDYN was made 
interactive combining with interpreter interactive language INTRAC-C, 
evolved from INTRAC, originally developed the Department Automatic 
Control, Lund Institute Technology, Lund, Sweden (14). The interaction 
allows the designer: 


interrupt the computing process, change parameter values, and restart 
the process. 

control the flow the algorithm single-stepping through its loops. 
This feature most useful diagnosing reasons for poor computational behavior. 

display quantities computed the optimization and simulation al- 
gorithms. 

Touse the computer for side computations variables, 
vectors, and matrices used the algorithm. This feature useful perform 
tests not originally foreseen the program and check, for example, condition 
key matrices, their eigenvalues, etc. 


The first step implementing interaction decide where the interaction 
should take place and what quantities need changed otherwise manipulat- 
ed, both. According the above considerations, interaction should 
implemented each step the main loop the algorithm, well 
each step every internal loop. Thus, breakpoints have been inserted after 
the corresponding statement OPTDYN. each breakpoint, subroutine, 
INTCAL, called which checks the condition associated with the breakpoint. 
The condition may NEVER, ALWAYS, IF-clause. NEVER, 
action taken and the control returned the OPTDYN. ALWAYS, 
then INTRAC-C called interaction phase takes place. The quantities which 
need changed displayed are declared into symbol table (data base). 
During the interaction phase (marked prompt ‘>’), the user has access 
all these quantities and can modify them using the SET command INTRAC-C. 

Some the more commonly used commands will described below. 
command has the generic form 


command identifier argument list 


The arguments must not contain spaces, but they may separated arbitrary 
number spaces. doubts can arise, the arguments need not separated 
any space (for example, when one the arguments delimiter). The 
following notation used when describing the structure the commands: 
(separates terms list from which one and only one must chosen); 
groups terms together; groups terms together and denotes that 
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the group optional; and denotes that the enclosed tem not used literally 
but replaced its appropriate value. The commands are divided into the 
following categories: (1) Commands for control flow; (2) commands handle 
the symbol table; (3) commands for graphics; (4) commands for scratch pad; 
(5) miscellaneous commands; and (6) original INTRAC commands. addition 
these commands, there are number written make the 
interaction easier. macro text file stored mass storage containing 
sequence commands. The macro can used new command and 
the sequence the commands will executed. Some the more useful 
macros are also described. 

The HALT command has the following structure: HALT <breakpoint> 
<condition>, which <breakpoint> the name the breakpoint where 
the condition set, and <condition> can ALWAYS, NEVER, 
IF-clause followed ALWAYS NEVER. The IF-clause used change 
the condition dynamically. the command HALT ARMIJOIF ITER> 
ALWAYS, sets the condition the breakpoint ARMIJO ALWAYS 
the number iterations the Armijo step larger than 

number other commands are available for the control flow 
INTEROPTDYN. For the sake brevity, shall not describe them here. 

The variables the symbol table INTEROPTDYN can changed 
using the following commands: 


The SET command has the following structure: SET<variable> <argu- 
ment>, which <argument> can either <variable> <number>. 

The SETDIM command changes the dimension variable the symbol 
table. Its syntax (<variable>) <argument>, where 
<ncol> and <nrow> are, respectively, the column and the row dimension 
the variable. 


The graphics commands INTRAC-C can grouped two parts: 


Low level primitives for vector generation, initialization, terminal control, 
text output, positioning, and windowing. 
High level display functions. 


These commands can executed the following graphics interactive 
terminals: Tektronix 4027, Ramtek Micrographics, and 2648. The first two 
terminals are color graphics terminals. About low level primitives are available. 
For the sake brevity, are going examine only one these; the VECTOR 
command. used draw vector between two points. Its syntax is: 


VECTOR 


which and <x2> are the x-coordinates the two points and 
and <y2> are the y-coordinates the two points. 

Two high level display commands are anda BAR command. 
Both commands have the same syntax. The syntax the commands 


which <array> contains the name the array carrying the information 
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displayed, <ymin> and <ymax> are used for the y-axis scaling, the 
optional <topcolor> specifies the color used the output the second 
option not used. the optional <botcolor> given, then numeric 
<threshold> must follow. All entires the <array> above the <threshold> 
will appear the <topcolor> while all entries below the <threshold> will 
appear the <botcolor>. The CURVE command plots all the entires the 
<array>, while the BAR command produces barchart. 

addition the main symbol table, there second, scratchpad symbol 
table, which separate from the main symbol table. This used for the results 
the side computations. order protect the main symbol table, the scratch-pad 
commands can access both symbol tables, but can only alter values the 
scratch-pad symbol table. The most interesting commands the scratch pad 
are 


PDIM: This command creates arrays the symbol table. Its syntax 
PDIM <array> which <array> the name 
the variable which being created, <nrow> and <ncol> are the row dimension 
and the column dimension the array which can given optionally. <nrow> 
and <ncol> are not given, then the variable being created scalar. <ncol> 
not given, then the variable being created column vector and on. 
<type> indicates which type attached the variable. The scratch-pad 
set commands accepts four types, namely, integer, real, double precision 
real, and complex. 

PMAT: This command used perform mathematical operations arrays. 
takes two forms: (1) PMAT <array> {<array><number>}<op><array>, 
which the first <array> the name the array which the result 
the operation stored; the second the first operand; the third the second 
operand; and <op> one the following matrix operations: for multiplication; 
for addition, and for subtraction; (2) PMAT <array> <func> <array>, 
which <func> can INV for inversion; TRANS for transposition; TRACE 
for trace; DET for determinant; COND for condition number; and (3) PSCAL: 
This command used perform mathematical operations the scalars. Its 
syntax similar PMAT except for the <array>, which now replaced 
<scalar>. The operations available are the functions allowed FORTRAN. 


Finally, the last component the system set macros written the 
INTRAC-C language and have been found sufficiently useful warrant 
depositing them our library. These macros can divided into three groups: 


Macros that manage the execution the optimization algorithm. 
Macros that implement high level display functions. 
Macros that make the use the scratch-pad feature easier. 


The main macro the first set called RUN. This macro enables the execution 
specified number overall iterations the optimization algorithm. Its 
syntax RUN <nitn> [<display>], which nitn integer indicating 
the number iterations one wants perform and <display> the name 
the macro which can coupled RUN. This macro will executed 
each iteration the overall algorithm. The program will stop after the number 
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iterations specified has been reached (of course, the program may stop before 
the optimal design reached). When the program stops, the macro displays 
the screen set questions indicating the user possible changes 
algorithm parameters before running more iterations. very useful combine 
RUN with display macro which prints displays graphically the values 
the cost and the constraints while the computation progressing. fact, 
the basis the information displayed the screen, the designer may decide 
suspend the execution the macro RUN and perform side computations 
change the values few parameters via the SET command. 

Several macros are available which implement high level display functions. 
For example, the macro GRAPH used plot the values array. Its 
syntax GRAPH<array><color><mark> which 
<array> the name the column vector whose entries have plotted, 
<color> the name the color used when plotting the array and <mark> 
can assume either the value yes no. the first case, the points the 
graph corresponding the entries the array are marked with small asterisk. 
The optional and <index2> are used plot only subset entries 


FIG. 2.—Nonlinear Impact Absorber 


the array, namely the ones between the elements with index equal 
and with index equal index2. The macro computes the scale factors fit 
the curve given window the screen and clips out the subarray defined 
the indices. Thus, the option can used zoom part the 
graph which looks particularly interesting the designer. 

Example example, optimal design nonlinear single degree 
freedom impact absorber presented. The problem has been used the 
literature for comparing different algorithms (5). The system, shown Fig. 
has fixed mass, and two design variables, and z,, that represent 
spring and damper coefficients, respectively. The exponents and are held 
fixed for each design. 

The system impacts fixed barrier time the equations motion 
are 


x(z,0)=0; 


The objective minimize the maximum acceleration the mass, i.e., 
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constraint extreme displacement imposed as: 


max [x(z,t)] 
1eT 


Finally, constraints the positivity the design variables are imposed. 
defining artificial design variable, the design problem can expressed 
as: 


min 
bj 1 5 w 


max 


The problem now the form (1) and can solved using the algorithm 
described. 


Numerical Data 

M=1 

At=0.15 v=2 


System parameters, such mass, impact velocity, were deposited 
the symbol table was possible change the system configuration 
interactively. Thus one session, was possible find optimal design 
wide class systems. each case, using computer graphics, changes 
design variables from one iteration the other were plotted and compared. 
Space limitations not allow present all the cases studied, but typical 
dialogue between the designer and the computer given Appendix Plots 
cost function history and rate convergence are shown the figures. 
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DESIGN PROBLEM BEING SOLVED: 


Optimal Design Nonlinear 
Absorber 


DESCRIPTION: 


hits the impact absorber which consists 
nonlinear spring and dashpot. The 
design problem consists choosing 
parameters the spring and the dashpot 


minimize the maximum acceleration 
the mass. 


Design Variables: 
spring coefficient 

dashpot coefficient 
dummy cost variable 


hoa! 


Cost Function: 


Functional Constraints: 
mass displacement 1.0 


Conventional Constraints: 
positivity constraints 
design variables 
mass 
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type the number iterations you intend carry out 
#30 

enter terminal type (2=4027 3=RAMTEK 

>INITSTR 

#YES 

#NO 

type 

type 

you wish use the 


mass 

nonlinearity coefficient iomega 

bound initial acceleration accmax 
bound total displacement yimax 


#YES 

STORE 

RESTART STEP2 

The results the entire computation will stored 

the arrays PSIG and ZG(N:K). 

Please state the total number iterations you intend 

#30 

.677518 PSI -0.5 

.627868 PSI THETA 
= 


= 


Execution suspended the end STEP2 
You may want modify 
the current design vector 
the smear parameter 
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>GRAPHF 
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DISCUSSION 


Closure Louis and Harry Members, ASCE 


The writers think that the single discusser has missed the thrust the paper. 
suggests that the paper involved model study real structure; however, 
was parameter study real structure. Thus, most the discusser’s 
points are not the context the writers’ presentation. Because this 
misinterpretation, understandable that would conclude that the writers 
were The writers, however, are certain that there confusion 
for those who understand the intent their study. 


Discussion Robert Scanlan,’ ASCE 


The paper mentions the problems its authors encountered getting calculated 
bridge frequencies agree with those observed the field. This may reflect 
failure the theoretical models represent the bridge correctly, particularly 
since simple bending, torsion and sway may not clearly decouple for deck 
that arches. the other hand, many existing computer codes can handle this 
problem routinely. example, the first modes and frequencies 
model the highly unusual Ruck-a-Chucky design (curved plan), were 
correctly predicted using version the SAP program (8). such cases general 
three-dimensional modes are exhibited, being defined, typically, the two 
components displacement the local deck c.g. and the rotation about it. 

Three-dimensional modes are thus well enough defined but might alternately 
defined terms deck section rotations about rotation 
This does not imply, however, that there need any analytical concern whatever 
for the ‘‘effective moment the deck sections about such centers, 
since the motional energy each mode already correctly accounted for 
the local translations and rotations the deck about local c.g.’s. 


1979, Louis Geschwindner and Harry West (Proc. Paper 14436). 
Prof. Architectural Engrg., Pennsylvania State Univ., University Park, Pa. 
Prof. Civ. Engrg., Pennsylvania State Univ., University Park, Pa. 
1979, Peter Buckland, Roy Hooley, Brian Morgenstern, Johann 
Rainer, and Aegide van Selst (Proc. Paper 14557). 
Dept. Civ. Engrg., Princeton Univ., Princeton, N.J. 08544. 
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Neither are such concerns any way associated with what should inferred 
from section aerodynamic model. Such model cannot truly represent the 
full bridge, even with adjusted moment The model 
can only indicative gross instability tendencies and act analog computer 
static and motional aerodynamic derivatives. But proper analytical exploitation 
such section model results implies that full-span aeroelastic model may 
not have resorted all (19,20,21,22). 

Finally, damping: the motion-dependent aerodynamic coefficients show 
that vertical damping usually increases with wind velocity suggested 
the paper, although for certain bridges (such the original Tacoma Narrows), 
may act otherwise. However, torsional damping for many bridges does not 
continue increase with increasing wind velocity, but instead exhibits reversal 
sign. Trends for certain bridges (of which number the original Lions’ 
Gate) are shown the accompanying figure, extracted from Ref. 19, where 
the vertical and the torsional aerodynamic damping, plotted versus 
reduced velocity V/NB, being reference (torsional) frequency and the 
deck width. The slowly-reversing character the torsional aerodynamic damping 
the Lions’ Gate probably underlies much the concern with the marginal 
aerodynamic performance that bridge. 

sum up: The writer believes that analytical devices exist that can produce 
good agreement with full scale results, both for modal calculations and for 
overall bridge performance wind. Section models offer the necessary link 
aerodynamic data. the other hand, full-bridge aeroelastic models, while 
expensive build and test, offer analog solutions the entire problem 
one unit. 

these considerations, follow some illustrious predecessors. Writing 
1954 the Tacoma Narrows care, Farquharson (23, Part IV, 11) stated: 


The full model used the design the new Tacoma Narrows Bridge 
was continuous use from the beginning 1943 through 1945 and was 
used for intermittent experimentation until 1950 However, because 
the cost even simple revisions the 100 ft. long suspended structure 
was exceedingly high, proved expedient perform the bulk the 
experimentation section models. 


Later (23, Part V., 11) also stated: 


the course these tests, the outlines general method for predicting 
prototype behavior entirely from section model tests began appear. 


quarter-century later, while have made number forward steps, 
are still working the general problem. 

The authors are commended for their particular helpful contributions, 
especially the all-too-rare field measurements. 


18. Godden, G., and Aslam, M., Model Studies 
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Dec., 1978, pp. 1827-1844. 
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Errata 


The following correction should made the discussion Gronquist (June 
1981): 


Page 1143, second paragraph, last line: Should read 1,644 (501.2 


The writers would like express their appreciation Chattopadhyay’s interest 
the paper. 
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1980, Mikael Braestrup and Morley (Proc. Paper 15502). 
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Engrg. Dept., Cambridge Univ., Cambridge, England. 
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The anomalous ‘zero deflection maximum load’ disappears soon one 
modifies rigid-plastic approach (by deformation flow theory) introducing 
elasticity any sort. Both the deformation and flow theories plasticity imply 
rectangular stress block, the main difference lying the treatment unloading, 
thus affecting the size the block given deflection. course correct 
that, because the different behavior concrete tension and compression, 
which affects the levels the neutral axes pure flexure, dome action starts 
soon the concrete cracks, when the compression concrete will still 
the elastic range. Thus better description the rising part the load-deflec- 
tion curve would obtained more complex analysis using stress distribution 
which initially triangular. This was done for the slab strip McDowell, 
McKee and Sevin (11, Ref. the companion paper), but outside the 
scope the paper, which was primarily concerned with the peak load: this 
seems adequately predicted the modified flow theory described. 

The deflection the Johansen load might indeed expected depend 
the stiffness the edge beam—though Fig. shows little significant effect 
the experiments except the test without edge beam more 
sophisticated analysis this effect would useful, though the authors suspect 
that this might best done using elastic bending theory for cracked concrete 
section (with dome action) rather than the simultaneous use Eqs. 
and which were intended alternatives. There little can usefully 
add short closure the description the test rig given halfway down 
1260. The ring beam was 100 section, and was cast integrally 
with the slab: was reinforced five circular reinforcing bars varying 
size produce different values The center the ring beam was level 


with the middle the compression zone the plastic hinge over the support. 
The test specimens did not include one with reinforcement, but would 


expect the theory reasonably adequate this case, for which Eq. 


McDowell, L., McKee, E., and Sevin, E., Action Theory Masonry 
Journal the Structural Division, ASCE, Vol. 82, No. ST2, Proc. Paper 
913, Mar., 1956, pp. 915-1-915-18. 
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Concrete Net: Desicn* 


and Ted Belytschko,’ ASCE 


Marti’s perspicacious analysis provides valuable deeper insight and deeply 
appreciated the writers. They basically agree with Marti and would question 
only few minor points. 

Although under some restrictions the plasticity theory based Coulomb 
yield criterion leads equivalent results, Marti observes, there are certain 
important differences concept (as well deformation kinematics). Marti’s 
arguments about isotropy ignore the fact that different premise can lead 
the same result. not correct say that requiring equilibrium for any crack 
direction implies material isotropy. This property which characterizes the 
material before any stresses are produced. plastic analysis, the crack produced 
the collapse and absent before collapse begins, hence isotropy. contrast, 
the slip-free (frictional) limit design based the assumption preexisting 
parallel cracking, i.e., cracks that exist before any stresses are produced; therefore 
anisotropy. The fact that the results plasticity analysis happen equivalent 
(under certain restrictions) due the fact that only equilibrium conditions 
are used both solutions (as stated page 1905), and that (under proper 
assumptions) the yield surface net-reinforced concrete obtained 
rigid-body translation the yield surface for plain concrete, pointed out 
Marti. However, significant differences arise when kinematics the deforma- 
tion collapse and deformations prior collapse are considered. 

Marti’s observation the similarity the results Lampert and 
quite interesting. This however, only similarity the overall shape 
the limit design envelope. the numerical values, the optimum slip-free 
(frictional) design requires 17% heavier reinforcement than the solution Lampert 
and Thiirlimann shown Marti Fig. provided that the tails the 
limit design envelope are matched. Moreover, their limit design envelope has, 
contrary ours, discontinuous slope points and [Fig. 

conclusion, general philosophical comment order. The assumption 
plasticity concrete, albeit often useful, the writer’s opinion basically 
unjustified, fact preposterous one considers strictly the experimentally 
determined stress-strain diagrams. Concrete not plastic, except under very 
high confining pressures which not exist ordinary structures. Plasticity 
theory requires ductility. does not allow decrease stress immediately after 

“September, 1980, Zdenék Bazant, Tatsuya Tsubaki, and Ted Belytschko 
(Proc. Paper 15705). 
Civ. Engrg., Northwestern Univ., Evanston, Ill. 60201. 


Assistant Prof., Dept. Civ. Engrg., Yokohama National University, 156 Tokiwadai, 
Hodogaya-Ku, Yokohama, Japan 240. 
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reaching the peak stress (strain-softening and brittle failure). The limit theorems 
plasticity are invalid when internal friction present (due lack normality). 
The fact that plasticity-based solutions often work chance and luck, arising 
from various aspects that are extraneous the line argument plasticity. 
many cases, plasticity works because the model concrete unimportant, 
the plastic yield steel being the cause collapse. our case, plasticity 
works because the equations resulting from happen coincide, this discussion 
demonstrates, with those obtained from direct analysis the actual behavior 
collapse. 


Discussion Tibor 


The author has offered survey the current (and proposed) research 
the stability end restrained columns and has made mention (among other 
things), research project Washington University end restrained in-plane 
columns with out-of-straightness. 

Although Ref. not available for the writer’s review seems very remarkable 


him that, without assumptions with regard the shape the initial 
crookedness, using effective length factor gives lower bound for the maximum 
strength. This result the preliminary studies (4) very important since 
known that assuming the initial crookedness fixed form (e.g., sine 
half-wave the effective length), the effective length concept based the 
theory elastic bifurcation can result value greater than the true maximum 
strength. depends whether the amplitude the initial crookedness 
the effective length supposed linear quadratic function the 
effective slenderness ratio, (KL)/r, the effective slenderness parameter, 
The error caused the effective length concept 
may nonconservative the linear case for and the quadratic 

research project similar the one Washington University, was started 
last year the Hungarian Institute for Building Science (22). The aim the 
research ascertain the effect end restraint upon the maximum strength 
initially imperfect columns and discover what modifications are needed 
order that the pinned-end column curves may utilized for the design 
end restrained columns. 

the preliminary investigation, the magnitude the error caused the 
effective length concept studied. supposed that, agreement with some 
specifications [e.g., with the Czechoslovakian, and indirectly, the Hungarian 


1980, Wai Chen (Proc. Paper 15796). 


Research Fellow, Hungarian Inst. for Building Science, Budapest, David F.u.6., 
H-1113. 
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design codes (21)], the aforementioned amplitude given the form 


which and denote fixed number and the core radius the cross section, 
respectively. The column length manufactured sinusoidal form 
However, the column not built structure with pinned ends but with 
end restraints whose moment-rotation characteristic linear [Fig. 8(a)]. Thus, 
the actual initial shape and the initial shape given the effective length concept 
and Eq. are different [Fig. 

numerical example carried out for the European wide-flange-shaped HEA 
200 steel column not permitted sway, the weak direction. Residual stresses 
are considered. The data are: 8000 mm; 90; 240 N/mm’; 
22.33 mm, and 13.62 [Fig. The computed maximum strength 


FIG. Column with Initial Curvature: (a) End Restrained Column; 
(b) Actual Initial Shape (Line and Initial Shape According the Effective Length 
Concept (Line 


the column with the actual initial crookedness 659 and the 
maximum strength obtained the effective length concept and Eq. 
674 KN. this case the effective length concept not the safe side. 
interesting, however, spite the fact that the difference between the 
initial deflections a,, and midheight significant (64%), the difference 
between the maximum strengths does not seem significant 
(2%). 


21. Proceedings the Regional Colloquium Stability Steel Structures, Hungarian 
Academy Sciences and Technical University Budapest, 1977. 

22. Tarnai, T., Carrying Capacity End Restrained Steel Research 
Report, Hungarian, Hungarian Institute for Building Science, Budapest, Hungary, 
Dec., 1980. 


(a) (b) 
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Discussion Jostein and James MacGregor,* ASCE 


INTRODUCTION 


The authors are complemented their study sustained loading effects 
reinforced concrete columns. Some comments some aspects their paper 
might order. 

The study presented the authors incorporates one the most complete 
creep laws yet used analyses this type. Such analyses may, apart from 
being used establish information the mechanics behavior columns 
subjected sustained loading, used provide data determine when 
simplifications material laws may warranted. This interest with regard 
analyses more complex structures, with regard code regulations 
well with regard interpretation existing data obtained using simpler 
models. this context interest know the authors have carried 
out comparative studies determine the degree which the load carrying 


capacities columns are affected by: (1) Creep adaptation (low stress creep 
nonlinearity); (2) strength and stiffness adaption (accelerated hardening only); 
and (3) accurate representation strength degradation high stress levels. 


Following literature review showing the beneficial effects low and 
intermediate stress levels strength, the authors state that: 


these test data, Hellesland and Green (17) proposed empirical 
formulas for the decrease strength due sustained loads that are 
constant 


This interpretation somewhat inaccurate and clarification might value. 
First, the model Ref. based test data Riisch (31) that deals 
with detrimental effects high sustained stress strength rather than the 
data referred the authors. The beneficial effects lower stress levels 
are discussed Ref. but not included the formulation, pointed out 
the authors. The rather elegant and simple accelerated aging concept proposed 
the authors could readily incorporaed into the hydration part the 
Hellesland and Green model, however. 


“November, 1980, Zdenék Bazant and Tatsuya Tsubaki (Proc. Paper 15811). 

Visiting Research Assoc., Dept. Civ. Engrg., Univ. Alberta, Edmonton, Canada; 
leave from Dr. Ing. Aas-Jakobsen, Structural Consulting Engineers, Oslo, Norway. 

Dept. Civ. Engrg., Univ. Alberta, Edmonton, Canada. 
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Second, and this minor point and probably only question terminology, 
the strength prediction model proposed Ref. can used predict strength 
changes under any arbitrary stress history, and not only for stresses 
that are constant The model, which based empirical formula 
for the stress failure and hypothesis for the rate 
change strength with time given stress, appears one the first 
attempts model the gradual strength degradation high stress levels, and 
can easily incorporated into the type analyses presented the authors. 
Indeed, has previously been used similar study (39,40). 


STRENGTH 


the authors’ analysis the degrading effect high stresses the strength 
taken into account reducing the short time strength Eq. 17, 
for long time loading. However, column subjected short 
time loading following sustained load period, the nondegraded strength 
again assigned all compression layers constituting the various cross sections. 
Presumably this also applies layers that reach the plastic range, defined 
stress equal (Fig. 3(c) the original paper), during the sustained 
loading. accepted that the reduction sustained load strength due 
microcracking, would seem that more rational procedure would 
retain the degraded strength for these layers the subsequent short 
time loading analysis. For layers stressed below during the sustained 
loading, the strength not affected and therefore should not reduced. 


The high-stress creep nonlinearity the creep formulation given basically 
function the nominal stress level which the strength 
initial loading. Would not have been more correct replace the 


current strength, i.e., and the elastic and plastic range, 
respectively? 


The writers would also like comment the authors’ comparison with 
the ACI Code (11) predictions. The column considered hinged both ends 
and has slenderness L/D and initial imperfection (eccentricity) 
midheight v,/D 0.01. square cross section with side in. 
is, order simplify integration over the cross section, replaced idealized 
two-layer section, with half the concrete and steel area centered distance 
1.443 in. from the centroid (the value 2.887 in. given the 
authors appears wrong). Comparisons ultimate loads according the 
authors’ analysis (P*) and the ACI Code are given Table and indicate 
difference 100% for the short time loading case (live load only). This 
not all surprising for the small initial eccentricity (v,/D 0.01) used 
the comparison, and also confirms findings others that the ACI Code 
significantly underestimates ultimate load capacities for small eccentricities and 
large slenderness values (38). This due, part the fact that the stiffness 
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0.65 


FIG. 11.—Effect Combined Dead and Live Load Load Capacity According 
ACI 318-77 


0.0354 


FIG. 12.—P-M Interaction Diagram and Moment-Magnifier Results According 
ACI 318-77 
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equations the ACI Code (Eq. 10.9 and 10.10) were derived for columns 
with v,/D ratios primarily the range 0.1-0.4. should noted that the 
ACI Code specifies minimum eccentricity, which for columns practical 
size would 0.05 this range eccentricities the effects 
bending are significant. 

The authors have also compared test results, showing the effect sustained 
loading, with ACI Code predictions [Fig. this comparison has 
been assumed that the ratio ultimate load, under live load alone, 
the ultimate load, P*, under combined dead load and live load can written 
according the ACI Code. While this simplification would 
warranted for small initial eccentricities and intermediate and large slenderness 
values, becomes increasingly inaccurate with increasing eccentricity and 
decreasing slenderness can seen Fig. 11. The load capacities used 
plot Fig. were obtained the standard manner, from results such 
those Fig. 12, the intersection between the P-M curve obtained using 
the ACI Moment Magnifier Equation 10-8, and the cross section P-M interaction 
diagram for column similar those tested Drysdale and Huggins (13). 
The cross section considered was rectangular and symmetrically reinforced 
0.65). Strengths and modulae were 4,600 psi (31.7 MPa), ksi 
(407 MPa), 60,000 psi (5,000 MPa), and 29.10° psi (200,000 
MPa). For the test columns (v, 0.2 and 30), similar study would 
show that the ratios corresponding the ACI Code would 
20% less than indicated Fig. 10(b). result the dashed curve proposed 
the authors would similarly need shifted downwards. Consequently, 
the authors’ proposal would unsafe for some values for the hinged columns 
considered. This might further augmented the fact that the test results 
are obtained for relatively short load durations. Longer sustained load periods 
might, depending the counteracting effects continued concrete hardening 
and further creep deflections, cause larger reductions load capacities. 

should emphasized that the aforementioned discussion based the 
assumption made the authors that the sustained loads the test series are 
equal the factored design dead load (1.4 implied the ACI Code. 
instead, the sustained test load was considered equal the unfactored dead 
load (1.0 D), has been done other studies (41,42), all test points Fig. 
would shifted horizontally the right. Thus, the interpretation 
the meaning when considering the sustained loads tests computer 
experiments has significant effect comparisons with code predictions. 


38. Drysdale, G., Sallam, S., and Tan, B., Slenderness and Sustained 
Load the Capacity Reinforced Concrete Columns: Analysis 
Symposium Design and Safety Reinforced Concrete Compression Members, 
Quebec, Canada, 1974, pp. 117-125. 

Hellesland, J., and Green, R., Characteristics Reinforced Concrete 
Columns under Sustained JABSE Symposium Design Concrete 
Structures for Creep, Shrinkage and Temperature Changes, Final Report, Madrid, 
Spain, 1970, pp. 209-217. 

Hellesland, J., Study into the Sustained and Cyclic Load Behaviour Reinforced 
Concrete thesis presented the University Waterloo, Waterloo, 
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Ontario, Canada, 1970, partial fulfillment the requirements for the degree 

Doctor Philosophy. 

41. MacGregor, G., Oelhafen, H., and Hage, E., Re-Examination the 
Value for Slender Publication SP-50, American Concrete Institute, 
1975. 

42. Oelhafen, H., Simple Design Procedures for Concrete 
Symposium Design and Safety Reinforced Concrete Compression Members, 

Quebec, Canada, 1974, pp. 93-115. 


Errata.—The following corrections should made the original paper: 


Page 2243, line from the bottom: Should read 1.443 in. (36.66 
instead 2.887 in. (73.33 mm)” 

Page 2245, Paragraph line Should read 1.443 in. (36.66 

Page 2245, Paragraph line 16: Should read 40,000 psi’’ instead 

Page 2251, line Should read then instead ‘‘we than 

Page 2257, Ref. 24: Should read instead 


Closure Zdenék ASCE, and Tatsuya 


The comments Hellesland and MacGregor are valuable and point out some 
useful further aspects the problem. Various comparative studies the effect 
various parameters have been carried out, reported the paper. Simplified 
preliminary calculations indicated that the effects creep adaptation low 
stress, strength and stiffness adaptation, and strength degradation high 
stress level are all important. further comparative calculations beyond those 
reported the paper could run with the full model within the scope 
this sponsored project. 

The discussers are certainly right pointing out that Hellesland’s model 
(17) can applied variable stress, not just constant stress, and that 
accounts for the strength increase due hydration. This model based 
the simplifying assumption that the rate strength loss and the limiting long-time 
(for infinite load duration) are independent the accumulated damage 
previous stress levels, that simple superposition the constant load 
effect can used. would actually reasonable consider the strength 
loss affected the stress history, mentioned also Ref. 17. 

The discussers are right that the sustained stress equal the 
degraded strength must used for the subsequent short-time loading failure. 
However, this case not much practical interest, since sustained stress 
near the lifetime the column rather short, generally about one week 

Civ. Engrg., Northwestern Univ., Evanston, Ill. 60201. 

Asst. Prof. Civ. Engrg., Yokohama National Univ., 156 Tokiwadai, Hodogaya-Ku, 


Yokohama, Japan 240; formerly, Postdoctoral Research Assoc., Dept. Civ. Engrg., 
Northwestern Univ., Evanston, Ill. 60201. 
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(31), which nearly the same short-time loading. The sustained stresses 
which were considered the calculations were all well below and less 
than the stresses which cause microcracking, and for these the use the 
nondegraded strength for the subsequent loading was proper. The cases 
short-time loading subsequent sustained stress near 0.8 give results rather 
close those for pure sustained loading, and there was need consider 
them calculations. 

The discussers suggest characterizing the high-stress nonlinearity function 
This, however, does not seem realistic, since concrete does 
not gain strength under high constant sustained stress [close gains 
strength only low sustained stresses which there high-stress nonlinearity. 

The writers were well aware that the ACI Code implies excessively high 
safety factor the eccentricity small. conclusions were, however, based 
the actual values the safety factor. The objective the analysis was 
the relative difference the safety factor between the cases short-time 
loading and long-time loading. was found that the safety margin the ACI 
Code not uniform; for some higher than for the short-time loading 
while for the other lower. These results may, however, also depend 
the eccentricity and L/D). Their the numerical 
examples were chosen the range available test results. 

The meaning not matter logical deductions but matter 
definition. For calculations well laboratory tests, the primary objective 
determine the failure load, which set equal the sum design loads 
times their load factors. From the failure load may then evaluated according 
its definition stated 2250. The definition implied ACI Code was 
used the paper. For other definitions the curve would obviously look 
different, although would equivalent the practical sense. Discussers’ 
considerations based their Figs. and are interesting but rather crude, 
neglecting various effects considered the paper. More realistic calculations 
would desirable. The writers agree that possible, and certainly most 
likely, that the proposed curve still does not provide very uniform safety 
margin particularly when other cases are considered. According the calculations 
and experimental comparisons the paper, this curve does, however, provide 
more uniform safety margin than the existing formula. 


The SSRC Committee Research Priorities commended for presenting 
comprehensive survey the immediate research needs the area Stability 


“December, 1980, Reidar Bjorhovde (Proc. Paper 15926). 
Civ. Engrg., The Royal Military College Canada, Kingston, Ontario, Canada. 
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Metal Structures. This paper was one the items consideration the 
SSRC Task Group 3—Columns with Biaxial Bending, its annual meeting 
held Chicago, April 1981. The present discussion concerned with biaxially 
loaded beam-columns and the intent present some recent research findings 
which provides least partial answers some the problems raised the 
paper. 

For biaxially loaded columns, three areas were identified the paper for 
further research. These are: (1) Validity equivalent moment factor, c,,, for 
biaxially loadings; (2) assessment the conservatism using the weak axis 
column strength the axial load term interaction equations together with 
allowance for lateral-torsional buckling effect the major axis bending strength; 
and (3) statistical evaluation performance data order develop appropriate 
resistance factors for use LRFD. 

Results full scale tests columns under biaxially eccentric loads causing 
unsymmetrical and reversed curvature bending both planes were recently 
reported Anslijn and Massonet (53). these tests, the eccentricities about 
both axes ranged between and times the respective kern distance. The 
moment distribution along the length the member was nonuniform one 
both planes bending, with end moment ratios —1, and Slenderness 
ratios ranged between and 100. recent report (54) SSRC Task Group 
the writer has compared these test results with both the linear interaction 
Eqs. and and the more precise exponential interaction equations (25). 
Using the C,, factors (sway prevented), the exponential equations resulted 
average ratio test capacity/predicted capacity 1.001 with coefficient 
variation 8.63%. This level accuracy suggests that the equivalent moment 
factor, C,,, although developed for uniaxial bending, does lead satisfactory 
prediction capacity biaxially loaded beam columns well, for the 
sway-prevented case. Further, these comparisons, the weak axis column 
strength was used the axial load term the interaction equation and reduced 
moment capacity (allowing for lateral-torsional buckling effect) was used 
the bending term, the present practice. Again the accuracy predictions 
tends dispel the suspicion that such procedure unduly conservative. 

The results the comparison, however, indicated that the linear interaction 
equation conservative, with average ratio test capacity capacity 
1.114 and coefficient variation 9.8%. These differing accuracies 
the two approaches (linear versus exponential interaction equations) emphasize 
the need relate the resistance factors the performance statistics order 
obtain consistent margins safety. 


53. Anslijn, R., and Massonet, E., Tests Steel Beam-Columns Mild 
Steel, Subjected Thrust and Biaxial Festschrift Otto Jungbluth—60 Jahre, 
Published Dr. Keller, Lehrstuhl fiir Stahlbau, Technische Hochschule Darmstadt, 
Germany, 1978, pp. 103-123. 

Pillai, U., Test Results with Design Equations for Biaxially Loaded 
Steel Beam Columns, Civil Engineering Research Report No. CE80-2, Report SSRC 


Task Group Royal Military College Canada, Kingston, Ont., Canada, Aug., 
1980, 
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Discussion Jacques 


The author congratulated for his efforts summarize all the points 
which need further research the field stability metal structures. 

The purpose present discussion restricted the interaction between 
local and overall buckling tubular columns. Since 1977 till 1979, the writer 
has conducted theoretical and experimental research this subject, with 
the financial aid the ECSC (European Community Steel and Coal) and 
Construction Tubulaire) (55,56). 

With 320 tested columns, this research likely the most important one carried 
out present time. The influence manufacturing procedure hollow sections 
and the residual stresses has been taken into account for the choice 
tubes which have been tested. 

theoretical method for predicting the limit load the columns with thin 
walled hollow sections has been developed. The agreement between theoretical 
and experimental results very good, view the level difficulties 
encountered this problem. 

The suggested theoretical method based modification the European 
buckling curves; leads complete analytical formulation the design 
problem columns with thin walled hollow sections. 


55. Braham, M., Grimault, P., and Rondal, J., des profils creux parois 
minces. Cas des profils rectangulaires chargés axialement,’’ Commission des Commun- 
autés Européennes, Research 6210.SA Final Report, Nov., 1979. 

56. Braham, M., Grimault, P., Massonnet, C., Mouty, J., and Rondal, J., 
Thin-Walled Hollow Sections. Cases Axially Loaded Rectangular 
Acier-Stahl-Steel, Bruxelles, Belgium, Nov. 1980. 


Discussion Donald Sherman,’ ASCE 


The paper identifies five topics research needs related tubular columns. 
These were identified Task Group the SSRC 1978 topics encountered 
practitioners but with little conflicting guidance available. compiling 
list current worldwide research, the was gratified note that some 
work underway several these areas. Hopefully, some guidance for design 
may forthcoming even though certain questions may remain unanswered 
for several years. 

view the current research, the has recently identified several other 


priority topics that should considered future research concerning the stability 
tubular members. 


Prof., Univ. Inst. Genie Civil, Quai Banning 4000 Liége, Belgium. 


Civ. Engrg., Univ. Wisconsin, Milwaukee, Wisc. 53201. (Chmn. SSRC 
Task Group 18.) 
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Inelastic Shear Buckling.—Most information shear buckling circular 
cylinders concerns the elastic buckling very thin tubes torsion. Test data 
and related theory buckling manufactured fabricated tubes especially 
thicknesses where shear buckling may inelastic lacking. has also 
not been established the same criteria can applied for torsional loadings 
and flexural shear. Shear buckling rectangular tubes currently treated 
web buckling problem similar wide flange web. This approach has not 
been verified for torsional loadings which will encountered with the increasing 
use shaped tubes complex structures. 

Test Data Fabricated Cylinders.—Much the test data for cylinders under 
axial loads, flexure, pressure, and combinations thereof has used manufactured 
tubing and pipe with diameter/thickness ratios less than 100. These members 
have different stress-strain properties and residual stresses than cylinders fabri- 
cated forming and welding plates structural steels. The limited data currently 
available indicate that local buckling characteristics particular may different 
for fabricated and manufactured cylinders. 

Alternatives Stub Column significant difference the column 
strengths rectangular tubes known exist between hot formed and cold 
formed sections. Since the difference related residual stresses, possible 
increase the strength cold formed columns providing degree stress 
relief reduce the residual stresses closer the levels hot formed tubes. 
difficult, however, determine the desired reduction residual stresses 
has been achieved. The most efficient method currently use determine 
proportional limit stub column test. Unfortunately, the stub column 
relatively expensive, time consuming and requires large capacity equipment. 
simpler alternative procedure based bending test theoretically possible 
but requires verification that will provide good correlation with the stub 
column. 

Fabricate Cylinders with 500.—In recent years, large data base 
has been generated for cylinders with D/t less than 150 used structural 
and pressure applications. Thin cylinders with D/t greater than 1,000 have also 
been studied for aerospace and tankage applications. Until recently, there has 
been little motivation investigate the stability cylinders the intermediate 
range. However, the offshore industry now interested the D/t from 250-500 
they venture into deepwater concepts. essential know the stability 
characteristics members with the residual stress and tolerances fabricated 
cylinders having the stress-strain properties ksi and ksi (245 NPa and 
341 NPa) yield strength steels. 


DISCUSSION 


unfortunate that the author quoted the failure statistics gathered the 
Connecticut Engineers Private Practice with further breakdown the 
categories. reported that, the failures buildings built since 1960, 
were either steel joist construction manufactured metal buildings.’’ makes 
sense all lump these two categories into one. Such statements tend 
leave the reader with the impression that both steel joint construction and 
manufactured metal buildings are similar kinds construction that represented 
equally serious problems the winter 1977-78 Connecticut. 

Furthermore, important understad the difference between ‘‘manufac- 
tured metal used the author and building 
designed and sold many reputable manufacturers. 

Any building made components manufactured from metal can described 
the author’s paper were just such structures. From what information available 
the paper, however, would appear that none them are metal building 
systems. The fact that designer makes use purlins and metal deck does 
not make his building metal building system. There vast difference 
the design complete system opposed the design individual parts. 

After the publication this paper, contacted the Connecticut Engineers 
Private Practice who supplied with the information necessary further 
breakdown the mentioned the author. Here are post-1960 failures 
reported structural type: 


Steel Joist Construction 
Metal Building Systems 
Timber Construction 


should noted that several the steel joist failures were reported 
Whether not these should considered failures 
debatable point. Also, one the four metal building systems listed 
failure had its roof punctured ice falling from 910 tower nearby. 

The behavior the carport described the paper would have surprised 
one familiar with metal building system design. flat roof not anchored 
the ends with purlins all facing the same direction recipe for disaster 
that any engineer who understands the behavior purlins and their interaction 


“December, 1980, Frank Zamecnik (Proc. Paper 15941). 


Engrg. and Research, Metal Building Manufacturers Association, 1230 Keith 
Building, Cleveland, Ohio 44115. 
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with roofing material would immediately recognize. shear diaphragm 
worthless unless the in-plane force taken out the boundaries. Even concrete 
slab would not have helped the carport question the edges were not anchored. 
This not much failure follow the AISI Specifications, the author 
suggests, misunderstanding the basic behavior unsymmetrical 
cold-formed sections. 

The AISI Cold-Formed Specification does have some catching regarding 
this subject and the Specification Advisory Committee hard work trying 
insure that the latest research will incorporated the future addenda 
the Specifications quickly possible. 


The author makes some good points regarding the misuse cold-formed 
steel members. his final example (warehouse facility) the author cites building 
with shaped cold-formed steel purlins supporting steel deck with built-up 
roof and tar and gravel surface. This not the typical application 
purlins metal building systems. such cases where relatively heavy dead 
loads are imposed shaped purlins during construction, there tendency 
for the beams progressively twist response the application 
these building materials. Where adequate resistance twist not provided, 
the purlin distorted unfavorable attitude for carrying its assigned load. 
For low sloped roofs the direction twist clockwise indicated the 
author’s Fig. 18. Where proper provisions have been made prevent this initial 
twist, purlins have been found perform quite satisfactorily. 

Referring the comment section the subject article should pointed 
out that considerable research has been devoted studying the behavior 
beams whose twist inhibited the attachment metal panels means 
self-tapping screws. For many metal building configurations this system has 
been found quite effective inhibiting torsional flexural buckling. 

Much research this subject has been done under the direction Teoman 
Pekoz Cornell University under the sponsorship Metal Building Manufac- 
turers Association and American Iron and Steel Institute. Pekoz has written 
program which will evaluate the effect panel attachment torsional stresses 
beams. Related this the test which quantifies the torsional 
stiffness beams due its attachment panels. 

The author jumps rather conservative conclusion his final paragraph 
the comments recommending the quarter point bridging addition 
restraint against rotation supports. This requirement was never intended 
apply members attached sheathing and this has been clarified the 1980 
Edition the Specifications. This revision, along with the removal the torsional 
restraint footnote, was not actually published until the issuance the September, 
1980 edition the AISI Specification which was after the original data 
the author’s article (October 22, 1979). 

Good results have been achieved observing three basic requirements: 


*Dir. Engrg. and Research, American Buildings Co., Eufaula, Ala. 36027. 
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Adequate restraint against excessive twisting the supports. 
Sufficient torsional restraint provided the panels and their attachment. 


Proper inplane stiffness the roof panels acting diaphragm properly 
supported its boundaries. 


Literally billions square feet buildings are successful service this 


country using metal panels mechanically fastened cold-formed and channel 
members. 


SPECIFICATIONS FOR STEEL Box 


encouraging that effort being made provide appropriate design rules 
for this type bridges which regarded great interest bridge engineers. 
The authors are congratulated the topic afforded quite complex. 

The writers would like make comments some points that seem 


not clear, but the paper looks short summary, the questions could 
have explanation the original work. 


The authors have insisted the weakening effect the initial geometrical 
imperfections both plate and stiffeners, the residual welding stresses and 
some uncertainties. This weakening effect was discussed Refs. and 
and numerous papers dealing with the design the compression flange 
steel box girder bridges. However, the proposed specifications, Fig. 
not clear how those factors are accounted for. Are the factor and 
based the properties the full cross sections, that the effective 
sections accounting for the weakening factors proposed the secant stiffness 
method Horne, al. (11) and the method Chatterjee, al. (8). 

Although curves are the easiest means for design, interesting for design 
engineer understand how the main factors are being considered, specially 
for such complex topic. Such understanding permit good estimation the degree 
conservatism. The strut method Little (1) theoretically complex, but 
his paper one may understand how the weakening factors are accounted 
for, e.g., Little’s Figs. 3-9. 

The authors also recognize the effect web and flange interaction 
their respective strength. this interaction function the rigidity the 
connecting element edge, may helpful the design specifi- 
cations may provide means evaluating the required minimum rigidity, specially 

1980, Roman Wolchuk (Proc. Paper 15942). 


Student, Concordia Univ., Montreal, Quebec, Canada. 
and Chmn., Dept. Civ. Engrg., Concordia Univ., Montreal, Quebec, Canada. 
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for the tension field action (post-buckling behavior) considered effective 
the web panels. true that mathematical formulation the problem 
too complex, but attempt could made with test results. 

the proposed criteria, the strength the web obtained independently 
the flange properties, and also recognized that the tension field action 
questionable the case steel box girder, clear that the doubt still 
exists the proposed specifications and difficult evaluate the level 
conservatism. 

interesting note that the proposed specifications treat the problem 
the required minimum rigidity for the web stiffeners remain rigid and 
straight and after the buckling web subpanels. the same treatment 
done for the compression flange stiffeners? this was pointed out Dubas 
(9,10) and Massonnet, al. (12). Recent experimental tests conducted 
Concordia University (15) steel box girder bridge models have led the 
conclusion that for the range b/t ratios (45-56) and stiffeners slenderness 
L/r ratios (5.9-8.3) tested, remain rigid and straight and after the 
buckling plate elements, the required optimum rigidity for longitudinal stiffeners 
almost 3.5 times the minimum rigidity determined the basis classical 
elastic plate buckling theory (14), which theory the basis the present design 
critiera for the compression flange (13). 

now well established, that for the design the compression flange 
steel box girder bridges, account should made the failure mode, plate 
stiffener failure mode, the ultimate strength may change completely 
depending which mode initiate failure. This point was pointed out several 
researchers including Little (1). this difference made the proposed specifi- 
cations? Tests conducted Concordia University (14) have confirmed that the 
stiffener failure mode, initiated the compression the stiffener outstand 
the most critical, the failure abrupt and lower load associated with 
it. 


Chatterjee, S., Dowling, J., Design Box Girder Compression 
Steel Plated Structures, International Symposium, Crosby Lockwood Staples, 
London, England, 1976. 

Dubas, P., sur comportement post-critique poutres caisson 
Seminar International Association for Bridges and Structural Engineers, London, 
England, 1971, pp. 367-379. 

Dubas, P., Structures with Closed-Section Steel Plated Structures, 
International Symposium, Crosby Lockwood Staples, London, England, 1976. 

Horne, R., Narajanan, R., Axially Loaded Stiffened Journal 
the Structural Division, ASCE, Vol. 103, No. Proc. Paper 13344, Nov., 
1977, pp. 2243-2257. 

Massonnet C., Maquoi, R., the Report Seminar 
London, England, 1971, pp. 381-389. 

“Standard Specifications for Highway The American Association State 
Highway Officials, ed., 1973. 

Timoshenko, P., Gere, M., “‘Theory Elastic 2nd ed., McGraw-Hill 
Publishing Co., Inc., New York, N.Y., 1961. 

Tupula Yamba, F., Behaviour Steel Box Girder Reports No. 
No. and No. Experimental Investigation, Department Civil Engineering, 
Concordia University, Montreal, Canada, June, 1980. 
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Discussion Achintya Haldar,” ASCE 


The author congratulated for his work addressing the difficult 
problem missle impact concrete barriers. The subject very complicated 
and complete theoretical treatment the problem not yet available. The 
author attempted develop the theory crude and sometimes unjustified 
way, then tried fit the relationship thus produced with the experimental results 
presently available using the Bayesian approach. Even this type semianalyti- 
cal formulation, some basic and important areas need addressed properly. 

developing the model, the author assumed that the strain energy can 
estimated considering circle radius (Eq. 11). This not valid 
assumption. has been observed many experiments that cracks will 
developed the vicinity the impact area all directions (11). The strain 
energy needs calculated considering area, definitely not along the 
periphery circle. The ultimate result (Eqs. and 16) may not influenced 
this assumption, but the aforementioned formulation not correct. 

The scabbing and perforation thicknesses (Eqs. and 25) are developed 
while completely ignoring the effect missile penetration the target. Impact 
formulation for concrete structures without considering the penetration depth 
may not adequate. emphasize this statement, the penetration depths 
according the NDRC equations and the impact areas for given impact 
energy are plotted Fig. The penetration depth decreases the impact 
area increases. This expected. However, even when the impact area large, 
i.e., 140 in. (9,030 mm), the penetration depth for the given example 
about 6.99 in. (177.5 mm), which not negligible. 

the Bayesian analysis section, normal variable introduced. The 
author assumed normal because chance that all worst conditions 
all favorable conditions for the impact take place the same time 
This reasoning not adequate according this writer. The normal variable 
function the product and division three other random variables 
C,, C,, and C,. When C,, C,, and are independent lognormal variables, 
can assumed lognormal but not normal. The question whether 
can take any value less than zero needs addressed. appears that 
lognormal distribution may better choice. However, this will create 
problems for the Bayesian approach. 

The author estimated the prior mean and variance for i.e., 1.8 
and 0.04 without mentioning how many sample points used 
these estimations. However, the author updated the information considering 
additional sample points. The updated statistics are found 
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1.84 and 0.0348. These improvements are not significant light 
the uncertainty associated with them. The author failed mention why 
updated information using old and nonrepresentative information (e.g., small 
diameter missiles). The basic purpose the Bayesian updating approach 
updating old information using more recent and appropriate information available 
the subject. 

Fig. the author compared the proposed equations for scabbing and 
perforation thicknesses with the NDRC equations commented that the 
author’s proposed SAF relationships are considerably better than the NDRC 
equations. The comparison not adequate. The penetration depth and the 
scabbing thickness according the NDRC equations along with mean; mean 
+o, mean and mean values the proposed relationship (Eq. 17) 
are plotted Fig. mentioned earlier, the penetration depth according 


Mean Scaspins THickwess, SAF 
Scappins Tuickness, NDRC 


Penetration Deer, MDRC 


Missive Impact Area a, in? 
FIG. Between NDRC and SAF Equations 


the NDRC equations decreases the diameter the missile increases, 
expected. also clear from and that the scabbing thickness 
increases the penetration depth increases. However, the diameter the 
missile plays very important role those equations. This completely 
overlooked the author. The writer (14) observed that the NDRC equations 
indicate the upper bound estimate the penetration depth. However, Fig. 
the mean SAF relationship compared the NDRC equations. doing 
this, does the author imply that the NDRC equations also give the mean scabbing 
thickness? the best this writer’s knowledge, the NDRC equations have 
never been shown predict the mean spallation thickness. this sense, the 
comparison made Fig. meaningless. The point amplified Fig. 

would also very helpful the units parameters Eqs. and 
were given properly. They are not similar the NDRC equations. 
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REINFORCED CONCRETE SHEAR WALL UNDER 


The authors have utilized plane stress finite element approach determine 
the nonlinear response shear wall subject ground motions. 

They indicate that this procedure should used lieu the 
approach (11,12,14,16,26) cases where backbend induced the walls. 
(The approach not defined the paper.) The writer thinks 
that the authors not present sufficient justification for the use their finite 


Measured 


Base Accelerations 


1.5 sec. 


FIG. 11.—Base Acceleration used Analytical Model vs. Base Acceleration Measured 
Experimentally 


element method place the modified stiffness procedures. More complicated 
analyses not always lead better results. 

The writer also wishes address problem with the numerical example 
the paper. The authors intended justify their procedure comparing 
with experimental results and calculations employing modified stiffness 
approach. 

comparison the response histories the paper with those determined 
experimentally (14) appears indicate that there correlation whatsoever. 
(See Figs. and 12.) The root this problem lies the fact that the authors 
used different input base motions than the experimental model; although the 
maximum values they used were the same. 


“February, 1981, Agrawal, Jaeger, and Mufti (Proc. Paper 16061). 
Research Asst., Civ. Engrg. Dept., Univ. Illinois, Urbana, 61801. 


y i ' 
0.0 1.0 
+ 


2310 NOVEMBER 1981 
the authors were interested only the maximum responsae, there 
need for the detailed response histories. 
apparent inconsistency the report found the conclusion. The authors 
suggest that their model could enhanced refining the value the shear 
factor. However, more than three paragraphs before this statement, they 


concluded that the actual value the shear factor did not have much effect 
the solution. 
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Calculated 


lst level aibplacements 


1.0 1.5 sec. 


FIG. 12.—Calculated vs. Measured Relative Displacements for Shear Wall D-4 in. 
25.4 mm) 


The writer suggests running the finite element model with the same input 
motions the experimental models and comparing the resulting response 
histories. This will give better indication the validity their model. 
may also provide some insight defining the cases which require the additional 


complexity the finite element model place simpler ‘‘modified 
procedures. 
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DISCUSSION 


Discussion 


The authors presented experimental results verify their mathematical model 
for diaphragm systems. 

was stated the paper that the theoretical and experimental results are 
reasonable agreement. This statement not clear from Table The discrepancy 


FIG. 9.—Analysis Model for Multilayer FIG. 10.—Modified Model for Multilayer 
Diaphragm System Diaphragm System 


about 10% only the location gage no. The error about 94%, e.g., 
gage no. the same table. 

The authors not present satisfactory explanations for the discrepancy 
between the theoretical and experimental results. The high percentage error 
seems due the incorrect evaluation the diaphragm stiffness. The 


1981, Rafik Itani, Houssain Morshed, and Robert Hoyle (Proc. 
Paper 16140). 
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interlayer shear forces are acting the interfaces between the different 
(Fig. 9). consider these shear forces the neutral plane each layer, 
additional bending moment should taken into consideration (Fig. 10). 
any layer, the additional moment equal the interlayer shears times 
half the thickness that layer. consequence, Eqs. and become 


Substituting Eqs. and Eq. yields 


Comparison Eqs. and reveals that the coefficient matrix [K] Eq. 
not simple was derived the authors. The writer would suggest 
using for the glue stiffness instead Eq. this way, the application 
Eq. extended include the possibility using different glue materials 
assemble the diaphragm. Numerical evaluations based Eq. were not 
undertaken because the material properties obtained experimentally were not 
given the paper. 

Another source error the results presented may due the thickness 
the glue layers which was neither considered the theory developed nor 


minimized the experiments (the average thickness glue line was 2.3 
mm). 


